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SUMMARY: Material Behavior Modeling for Optimization of

Thermomechanical Processes

Thermomechanical processing is an important step in the manufacture of
engineering components to obtain desired shapes with specific mechanical
properties. In the case of advanced materials, complex multi-stage metal forming
operations are often required in order to produce products with specific
microstructures. In view of the high sensitivity of microstructural evolution to
the process parameters like temperature, strain, and strain rate, understanding of
material behavior is essential for the control of microstructure. In recent years,
materials modeling behavior modeling has been proven effective in achieving

this goal which helps to developing optimization methodologies.

In this research project, the deformation behavior of a titanium alloy, Ti-6Al-4V,
which is the most widely used and accounts for more than 50% among all
titanium alloys, has been studied over wide temperature and strain rate ranges
relevant to bulk metalworking processes like forging, extrusion and rolling. The
processing-microstructure relationship is found to be very sensitive to the
oxygen content and starting microstructure. The influence of these variables on
the hot deformation behavior has been investigated with the help of laboratory
experiments. Detailed material modeling has been conducted to characterize the
microstructural and damage mechanisms. Optimum conditions for safe
processing without defect generation have been identified. The major results
from these studies are reported in the form of publications which are compiled in

this report.
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Introduction

Ti-6A1-4V (Ti-6-4) is an a+p titanium alloy widely used in aerospace applications. A variety of
microstructures with different & morphologies can be obtained by thermomechanical processing of this
alloy and these range from lamellar to equiaxed. Lamellar structures are preferred in rupture critical
applications while equiaxed structures offer excellent low-cycle fatigue properties. Though extensive
studies are reported (1) on the hot deformation mechanisms in Ti-6-4 with equiaxed starting structure,
similar data on lamellar starting microstructure are not available. These will be of particular interest for
designing industrial processes. Hot working above the B transus (8 phase field) is an important step for
homogenization of the cast structure while deformation below the transus («-f phase field) converts the
transformed S structure to equiaxed a+ 8 structure. An understanding of the fundamental mechanisms
during these stages will be highly beneficial to achieve microstructural control in deformation process-
ing. The aim of this investigation is to characterize the hot deformation behavior of extra-low interstitial
(ELI) grade Ti-6-4 with a transformed 3 starting microstructure over wide ranges of temperature and
strain rate. The ELI grade is preferred for aerospace applications where the fracture toughness property
is to be maximized. In this investigation, a processing map has been developed, and kinetic analysis is
carried out to determine the rate-controlling step in the process.

Experimental

Ti-6-4 used in this study had the following composition: 6.02A1, 3.91V, 0.130, 0.08Fe, 0.008N,
balance Ti. The B transus reported for this grade is about 975°C. The starting Widmanstitten-type
microstructure consisted of acicular a (transformed B) colonies in large prior B8 grains of about 2-3 mm
and a primary « layer of about 5 wm thick at the prior B grain boundaries. Isothermal, constant true
strain rate compression tests were conducted over the temperature range 750—1100°C at 50°C intervals
and strain rate range 0.001-100 s™' at order magnitude intervals using a servohydraulic testing
machine. Specimens of 15 mm height and 10 mm diameter were used for testing in the a-f range while
larger specimens of 22.5 mm height and 15 mm diameter were used to obtain accurate flow stress

283



284 : HOT DEFORMATION MECHANISMS Vol. 41, No. 3

TEMPERATURE (°F)
400 1600 1800

=y

o]

LOG STRAIN RATE(s™1)
t

\

-3 c / I l
750 - 850 950 1050
TEMPERATURE(*C)

Figure |. Processing map at a strain of (.5. Numbers represent percent efficiency of power dissipation.

measurements in the 3 range. The specimens were coated with a borosilicate glass paste for lubrication
and environmental protection. They were deformed to half the height in each case to impose a true strain
of 0.7 and were air-cooled to room temperature after deformation. The resulting load-stroke data were
processed to obtain true stress-true plastic strain using the standard method. The flow stress data at
different temperatures and strain rates were used to compute the power dissipation efficiency parameter
(m) given by 2m/(m + 1) where m is the strain rate sensitivity of flow stress. A power dissipation map
was developed by plotting the variation of efficiency with temperature and strain rate. Regimes of flow
instability were delineated using a continuum criterion based on the rate of change in m with strain rate
as explained earlier (2). Details of development, interpretation, and application of processing maps to
hot working processes can be found in reference (3). In brief, the map depicts domains of local
efficiency maxima representing specific microstructural mechanisms and regimes of flow instability
which may be validated by microstructural examination of the deformed specimens.

Results and Discussion

The processing map showing iso-efficiency contours in a temperature-strain rate frame at a strain of 0.5
is given in Fig. 1. The map exhibits a single domain extending over the entire test temperature range
and strain rates below about 0.1 s~' with a peak efficiency of 46%. However, since this range of
temperature has different phases covering the B transus at ~975°C, it is logical to interpret the domain
to consist of different mechanisms with similar power dissipation characteristics. Furthermore, at high
strain rates and lower temperatures, a regime of flow instability occurring by adiabatic shear band
formation is identified (marked as shaded area in Fig. 1). Another flow localization regime occurs in

the B range at temperatures higher than 1050°C and strain rates higher than 10 s~ '.

A. Domain in the a-f8 Phase Field

The microstructures obtained on specimens deformed in the -8 phase field domain indicate significant
morphological change of a phase from acicular to equiaxed which occurs by the process of globular-
ization of the colony structure (Fig. 2). Furthermore, the shapes of stress-strain curves in this domain
exhibited continuous flow softening and tended to reach a steady-state at larger strains.
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Figure 2. Microstructure obtained on a specimen deformed at 950°C/0.001 s~ ".

In order to understand the rate-controlling step during globularization, the flow stress data are
analyzed using the kinetic rate equation given by:

& = A(o/E)"exp(—QIRT) (n

where &: strain rate, o : flow stress, A: frequency factor, E: Young’s modulus, Q: apparent activation
energy, R: gas constant, T: temperature in Kelvin, and n: stress exponent. A plot of In & vs. In(o/E)
corresponding to the globularization domain is given in Fig. 3(a), while the variation of In(o/E) vs. 1/T
is given in Fig. 3(b). From these plots, stress exponent and apparent activation energy have been
estimated to be 4.6 and 453 kJ/mole, respectively. In a-titanium, the activation energy estimated (4) for
lattice diffusion is 150 kJ/mole while an apparent activation energy of 242 kJ/mole was reported (5) for
power-law creep. The presently estimated apparent activation energy in the globularization domain (453
kJ/mole) is much higher than these two values, ruling out dislocation climb as a possible mechanism.
In view of this conclusion, it is necessary to analyze the data further using other models for thermally
activated flows. This analysis is carried out below using the models proposed by Schock (6) and Kocks
et al. (7).
The equation for thermally activated cross-slip proposed by Schock (6) is given by:

& = gpexp[ —U(0)/kT] (2)
U(o) = —A'ln(o/ay) (3)
-2
(a) (b)
-3 -6.4
—4
I -69 |
= 0
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Figure 3. Plot of (a) In & vs. In(a/E) and (b) /T vs. In(o/E) in the globularization domain.
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where &,: a constant (assumed to be 107 s™" in the present analysis), U(o): stress-dependent activation
energy, k: Boltzman’s constant, A’: temperature- and stress-independent constant, and oy: stress
required to overcome the activation barrier in the absence of any thermal activation. Using the plots in
Fig. 3, the threshold stress oy in Eq. (3) is evaluated and the corresponding activation energy values are
estimated to be 165 to 240 kJ/mole. These values agree well with that for lattice diffusion and power
law creep. With a view to understand the recovery mechanism, the activation volume is evaluated
further. The thermal activation model proposed by Kocks et al. (7) in a simplified form is given by:
o O 0'0( kT éo)

E-ETVTE

- mlﬂ;
In this expression, g, is the normalized total activation free enthalpy, b the Burgers vector, o/E the
normalized flow stress, o,,,/E the athermal component of the flow stress due to long-range obstacles,
and g, and £, have the same meaning as in Egs. (2) and (3). Since the activation energies are being
evaluated at high temperature, o, will be very small and it can be neglected. A plot of (0/E) vs.
(KT/Eb?) In(£y/¢) is shown in Fig. 4. The o,/E value is evaluated by extrapolation, from which the
apparent activation energy is determined. These values are in the range 170 to 225 kJ/mole which are
very near to that for self diffusion in a-titanium (150 kJ/mole). The variation of activation energy with
stress using Schock and Kocks models are shown in Fig. 5 and the activation volume is evaluated from

C))

\\ 0 Schick model
2401 \ % Kocks model

Activation Energy (kJ/mot)

-

-]

Q
T

140 %0 T N 1 p— T
Stress (MPa)

Figure 5. Variation of apparent activation energy with stress in the globularization domain.
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Figure 6. Schematic illustrating steps of globularization process.

the slopes of these curves. The normalized activation volumes (V/b?) in the globularization domain are
18 to 78 and 13 to 85, as determined from Schock and Kocks models, respectively. The apparent
activation energy values and activation volume estimates suggest that cross-slip is the rate-controlling
mechanism.

The process of globularization may be visualized in simple terms to consist of the following steps
which are schematically shown in Fig. 6.

a) Shearing of laths due to imposed shear strain: This process is strain dependent and may reach
completion at larger strains. Initially, a few colonies that are favorably oriented with respect to the
-applied stress will participate in the shearing process, which will rotate the neighboring colonies to
favorable orientations facilitating further shear.

b) Generation of dislocations of both signs along the line of shear.

¢) Simultaneous recovery by cross-slip leading to annihilation of opposite sign dislocations on
intersecting slip planes and leaving behind groups of dislocations with same sign to nucleate an
interface along the line of shear.

d) Migration of interfaces by diffusion to minimize the surface energy forming the globules.

Thus, the globularization process may also be regarded as a type of dynamic recrystallization since it
also involves two competitive processes viz., rate of nucleation and rate of migration.

B. Domain in the § Phase Field

The B phase exhibits low flow stress and steady-state flow curves in the temperature range 980—-1100°C
and strain rate range 0.001-0.1 s~ ', The strain rate sensitivity of flow stress in this regime is ~0.33 and
the tensile ductility measured at 1050°C and a nominal strain rate of 0.01 s~ ' is close to 100%. In view
of these observations, it may be inferred that B is deforming by the mechanism of large-grained
superplasticity (LGSP) which is generally referred to as ‘Class I superplasticity in coarse-grained
materials’ (8). A number of materials like 3 brasses, $ titanium alloys, and aluminides are found to
exhibit LGSP. It is generally explained in terms of the sliding of boundaries generated within the large
prior B grain, due to the high rate of dynamic recovery in the bcc structure with a concurrent diffusion
accommodated flow. In the present case it is likely that the stable prior colony boundary structure with
the boundaries preferentially oriented at 45 degrees to the compression axis will participate in the
sliding process and contribute to the larger strains for causing LGSP. Activation analysis is carried out
using the kinetic rate equation (Eq. 1) to evaluate the rate-controlling step in LGSP. A plot of Iné& vs.
In(o/E) is given in Fig. 7(a), while the variation of In(a/E) vs. 1/T is given in Fig. 7(b). Stress exponent
and apparent activation energy evaluated from these plots yielded values of 3.9 and 184 kJ/mole,
respectively. In B titanium, the activation energy for self diffusion is reported (9) to be 153 kJ/mole and
the presently estimated value is in close agreement with this indicating that the B large-grained
superplasticity process is diffusion-controlled.
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Conclusions

- The proeessing map developed on Ti-6-4 with Widmanstitten starting microstructure revealed the
material exhibits globularization in the «-f phase field while the 8 phase deforms by the mechanism
of large-grained superplasticity. The apparent activation energy for hot deformation in the a-f range
using kinetic analysis yielded a value of 453 kJ/mole, while a value of 165-240 kJ/mole is obtained
using Schock and Kocks models. The latter value of activation energy together with an estimated
activation volume of 13-85 b® suggests that cross-slip is the rate controlling mechanism for globular-
ization. The apparent activation energy for B large-grained superplasticity (184 kJ/mole) matches well
with that of self-diffusion in 8.
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Abstract

The hot deformatien behavior of extra-low interstitial (ELI) grade Ti—6AI-4V alloy with Widmanstitten preform microstruc-
ture over wide temperature (750-1100°C) and strain rate ranges (0.001-100 s ') has been studied with the help of processing
maps. In the lower temperature and strain rate regime (850~950°C and 0.001-0.1 s—'), globularization of the lamellar structure
occurs while at higher temperatures (980-1100°C) the B phase exhibits large-grained superplasticity. The tensile ductility reaches
peak values under conditions corresponding to these two processes. A dip in ductility occurs at the B transus and is attributed to
a possible nucleation of voids within prior B grains. At lower temperatures and strain rates below about 0.1 s~ !, cracking at the
prior B grain boundaries occurs under mixed mode conditions. At strain rates higher than 1 s—! and temperatures lower than
about 950°C, the material exhibits a wide regime of flow instabilities. On the basis of these results, a temperature—strain rate
window for hot working this material without microstructural defects is identified. Published by Elsevier Science S.A.

Keywords: Hot deformation behaviour; Strain rate regime; « and p Deformation

1. Introduction

Ti-6A1-4V (Ti-6-4) is an o + P titanium alloy exten-
sively used in aerospace applications. This alloy can
acquire a large variety of microstructures with different
a morphologies depending on thermomechanical treat-
ments. Its mechanical properties are strongly influenced
by oxygen content and preform microstructure. The
extra-low interstitial (ELY) grade contains a maximum
oxygen content of 1300 ppm as against 1500-2000 ppm
in commercial grade, and is preferred in applications
where fracture toughness is to be maximized [1]. The
reported B transus for ELI grade Ti-6-4 is about 975°C
which increases to more than 995°C for commercial
grades since oxygen stabilizes the a phase.

The processing-microstructure relationship in tita-
nium alloys is sensitive [2] to the preform microstruc-
ture which ranges from equiaxed o to lamellar o

* Corresponding author.

0921-5093/00/$ - see front matter Published by Eisevier Science Sko
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(transformed f). Extensive hot deformation studies
have been carried out on Ti-6-4 with equiaxed preform
structure and the occurrence of fine-grained superplas-
ticity in the o+ B range has been well documented
[3-5]. However in Ti-6-4 with transformed B mi-
crostructure, strain induced porosity occurs during pro-
cessing under certain conditions of temperature and
strain rate [6]. To explain its hot tensile and non-
isothermal forging behavior, ductile fracture models
have been developed for the cavity nucleation and
coalescence involving tensile work and hydrostatic
stress respectively [7,8]. While these models have pro-
vided important insights to fracture phenomenon, the
state-of-stress in any metalworking process is more
complex than that considered in these studies. As re-
gards the mechanism of hot deformation in the B phase
field, much attention has not been given since working
in this regime does not pose any problem. The objective
of this study is to characterize the hot deformation
behavior of ELI grade Ti-6-4 with a transformed B
(Widmanstitten) preform microstructure over wide
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temperature and strain rate ranges with a view to
model the microstructural mechanisms of hot defor-
mation in both the o+ B and P phase fields. This
study will be highly beneficial for designing hot work-
ing schedules to optimize intrinsic workability, control
microstructural evolution, and avoid defect formation
in products.

In this paper, the approach of processing maps has
been adopted to represent and analyze the constitu-
tive behavior of ELI grade Ti-6-4. The basis and
principles of this approach are described in detail by
Prasad [9,10] and recently reviewed by Prasad and
Seshacharyulu [11]. Its application to hot working of
a wide range of materials is compiled by Prasad and
Sasidhara [12]. Depicted in a frame of temperature
and strain rate, power dissipation maps represent the
pattern in which power is dissipated by the material
through microstructural changes. The rate of this
change is given by the dimensionless parameter called
the efficiency of power dissipation:

2m

= 0))
where m is strain rate sensitivity of flow stress. Over
this frame is superimposed a continuum instability
criterion for identifying regimes of flow instabilities,
developed on the basis of extremum principles of irre-
versible thermodynamics as applied to large plastic
flow [13] and given by another dimensionless parame-
ter:

(&) = dIn(m/m+1) m

0 Iné
where ¢ is the applied strain rate. These two maps
together constitute a processing map which exhibits
domains with local efficiency maxima representing
certain specific microstructural mechanisms and also
regimes of flow instabilities due to flow localization.

<0 2)

2. Experimental

ELI grade Ti-6-4 supplied by RMI Titanium Com-
pany, OH, USA having the following composition
(weight percent) was used in this study: 6.02Al,
391V, 0.130, 0.08Fe, 0.008N, balance Ti. The start-
ing microstructure is shown in Fig. 1. It is a typical
Widmanstdtten structure consisting of lamellar o
(transformed PB) colonies in large prior B grains of
about 1000 pm, primary « layer of 5 pm thick at the
prior B grain boundaries and a very thin B layer in-
between the colony boundaries and primary «.

Compression specimens of 15 mm height and 10
mm diameter were machined for testing in the o+ B
range, while larger specimens of 22.5 mm height and
15 mm diameter were used to obtain an accurate
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measurement of the flow stress in the B range. Con-
centric grooves of 0.5 mm depth were made on the
top and bottom faces of the specimens to trap lubri-
cant and assist in reducing friction. A 1 mm 45°
chamfer was provided on the specimen edges to avoid
fold-over of the material during the initial stages of
compression. A small hole of 0.8 mm diameter and 5§
mm depth was drilled at mid height of the specimen
for inserting a thermocouple which is used to measure
the actual temperature of the specimen as well as
adiabatic temperature rise if any during testing.
Isothermal hot compression tests were conducted us-
ing a servohydraulic testing machine. A resistance
heating split furnace with SiC elements was. used to
surround the platens and specimen. The specimens
were coated with a borosilicate glass paste for lubri-
cation and environmental protection. Compression
testing was carried out in the temperature range 750-
1100°C at an interval of 50°C and strain rate range
0.001-100 s—' at an interval of an order magnitude.
The temperature of the specimen was monitored using
a chromel-alumel thermocouple inserted in the speci-
men and isothermal condition was maintained
within + 2°C fluctuation. Adiabatic temperature rise
(significant at higher strain rates) was recorded using
a transient oscilloscope. The specimens were deformed
to half the height in each case to impose a true strain
of 0.7 and were air-cooled to room temperature after
deformation. Deformed specimens were sectioned par-
allel to the compression axis and the cut surface was
prepared for metallographic examination using stan-
dard techniques. The specimens were etched with
Kroll’s reagent and polarized light micrographs were
recorded.

The load-stroke data obtained in compression were
processed to obtain true stress—true plastic strain us-
ing standard method. The flow stress data obtained at
different temperatures, strain rates and strains were
corrected for adiabatic temperature rise, if any, by

Fig. 1. Microstructure of ELI grade Ti-6-4 used in this investigation.
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Fig. 2. True stress—true plastic strain curves obtained on ELI Ti-6-4
deformed in compression at (a) 900 and (b) 1050°C and at different
strain rates.

linear interpolation between log ¢ and 1/T where ¢ is
the flow stress and T is the temperature in Kelvin.
Cubic spline fit between log ¢ and log é was used to
obtain the strain rate sensitivity (m) as a function of
strain rate. This was repeated at different tempera-
tures. The efficiency of power dissipation (#) through
microstructural changes was then calculated as a
function of temperature and strain rate using Eq. (1)
and plotted as iso-efficiency contour map. The data
were also used to evaluate the flow instability
parameter ¢ (&) using Eq. (2) as a function of temper-
ature and strain rate to obtain instability map.

Hot tensile tests were also conducted in the temper-
ature range 800-1100°C at a nominal strain rate of
0.01 s~ ! (constant actuator speed of 0.25 mm s~1).
Cylindrical specimens of 25 mm gauge length and 4
mm gauge diameter were used for this purpose. The
specimens were pulled to fracture and total elongation
as a function of temperature was recorded.

3. Results and discussion

3.1. Stress~strain behavior

True stress—true plastic strain curves obtained at
900°C and different strain rates are shown in Fig.
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2(a). The curves exhibit continuous flow softening be-
havior at lower strain rates while oscillations were
observed at higher strain rates (> 10 s—!) and this is
representative of the material response in the o—f
phase field. The stress-strain curves in the P phase
field revealed that the material exhibits steady-state
flow at strain rates of 0.1 s~' and slower, representa-
tive curves of which are shown in Fig. 2(b) for a
deformation temperature of 1050°C. The flow stress
data as a function of temperature, strain rate and
strain are given in Table 1.

3.2. Power dissipation map

The power dissipation map showing isoefficiency
contours in a temperature-strain rate frame at a
strain of 0.5 is shown in Fig. 3. The maps at lower
strains have similar features. The map exhibits a sin-
gle domain extending over the entire test temperature
range and at strain rates below about 0.1 s—! with a
peak efficiency of 49%. However, since this range of
temperature has different phases and covers the B
transus at = 975°C, it is logical to interpret the do-
main to consist of different mechanisms with closely
equal power dissipation characteristics. In such a
case, detailed metallographic examination and hot
ductility variation are required to interpret, validate
and confirm the mechanisms. These are further dis-
cussed below:

3.2.1. Lower temperature regime: a—f deformation
Detailed microstructural examination of specimens
deformed at lower temperatures ( < 850°C) and lower
strain rates ( <0.1 s~ ') revealed extensive cracking at
the prior B grain boundaries. Microstructures of spec-
imens deformed at 750°C/0.01 s—! and 800°C/0.01
s~ ! are shown in Fig. 4(a) and (b) respectively. The
compression axis is vertical in these microstructures.
A statistical measure of the orientation of the cracked
boundaries with respect to the compression axis is
shown in Fig. 5 which covers data on at least 50
boundaries. The distribution clearly shows that major-
ity of the population are oriented between 40 and 60°
with respect to the compression axis. Further, their

‘presence is predominant around the bulge region of

the specimens where a secondary (circumferential)
tensile stress develops. Suzuki et al., [14] also reported
such intergranular cracking resulting in a severe drop
in ductility. The morphology and characteristics of
these cracks indicate that these are associated with
the occurrence of sliding at the prior B grain
boundaries. The mechanism of cracking is explained
with the following simple microstructural model:

The P transformed Widmanstdtten structure con-
sists of three micro constituents: lamellar o colonies,
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Table 1
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Corrected flow stress values (in MPa) of ELI grade Ti-6-4 at different temperatures, strain rates and strains.

Strain Strain rate (s‘!) Temperature (°C)
750 800 850 900 950 1000 1050 1100
0.1 0.001 218.5 145.5 94.8 60.4 2238 12.0 8.4 6.4
0.010 326.1 2385 184.6 1184 63.3 23.2 16.6 14.3
0.100 4227 375.8 262.8 180.2 99.2 44.1 28.3 28.4
1.000 541.9 419.1 367.8 251.6 164.0 74.5 54.9 437
10.00 548.3 542.8 424.0 342.4 2143 122.2 84.0 71.4
100.0 677.2 573.2 489.2 385.8 2599 154.8 103.1 87.1
0.2 0.001 193.1 130.9 85.8 51.6 19.3 11.9 8.8 6.6
0.010 3014 217.4 163.9 106.0 56.2 22.1 17.2 14.9
0.100 386.9 337.1 229.4 161.0 91.2 43.0 29.2 29.6
1.000 503.5 395.1 336.4 2330 150.2 70.9 55.5 44.4
10.00 530.1 509.6 3928 309.0 188.8 117.6 80.2 71.6
100.0 684.6 571.2 489.1 3757 257.5 159.8 112.0 93.8
0.3 0.001 178.6 1224 79.5 46.8 17.8 11.7 9.0 6.8
0.010 284.7 205.0 153.4 98.1 523 21.8 17.5 152
0.100 361.9 308.1 209.5 149.8 857 414 29.5 30.1
1.000 4574 362.0 306.4 217.2 141.8 69.4 56.3 45.4
10.00 4734 470.2 373.1 296.3 184.9 113.7 82.3 75.0
100.0 637.5 534.6 448.5 342.4 246.0 159.8 116.2 99.0
0.4 0.001 168.9 112.6 73.2 434 17.1 11.8 9.1 7.0
0.010 270.8 194.7 141.5 91.8 49.5 22,6 174 15.4
0.100 3459 291.5 195.7 141.5 80.5 41.0 304 30.2
1.000 415.5 332.1 279.1 202.7 133.7 67.6 56.5 46.0
10.00 430.7 408.0 342.7 2726 170.0 110.3 81.8 73.3
100.0 649.6 490.9 383.4 294.1 2318 154.8 116.1 100.5
0.5 0.001 161.0 104.3 69.0 40.4 17.0 12.2 9.1 7.2
0.010 2619 187.5 133.7 86.2 47.4 229 174 15.5
0.100 341.1 280.0 187.0 135.3 71.7 40.9 311 30.8
1.000 415.3 320.4 260.5 192.7 126.7 66.2 56.0 46.1
10.00 435.0 399.3 328.8 260.8 164.1 107.2 814 74.3
100.0 7777 444.6 287.4 268.7 216.9 147.0 113.5 98.3

primary o at the prior B grain boundaries and a thin
layer of B in-between the colony boundary and the
primary o layer. Out of these three, the colonies have
the highest strength due to the specific crystallographic
orientation relationship while the B layer is inherently
the softest phase at the deformation temperature in
view of its bce structure. During deformation by uni-
axial compression, sliding of the prior B boundary with
a near 45° orientation occurs across the soft f layer
and produces stress concentration at the primary o/
thin P interface. If the stress concentration is not re-
lieved by the deformation of adjacent primary o« phase,
cracks are expected to form along the interface under
mixed mode stress conditions (shear + tensile). As de-
formation of o phase is thermally activated, it is likely
to undergo dynamic recovery at lower temperatures
and higher strain rates. The rate of softening due to
dynamic recovery may not be sufficient to avoid crack-
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ing and therefore the cracks have sharp tips (Fig. 4(a)).
As the temperature is increased, the microstructure
exhibits fine equiaxed o grains ahead of crack tip
which can be interpreted to be the result of dynamic
recovery followed by static recrystallization thereby
blunting the crack tip (Fig. 4(b)). At much higher
temperatures and lower strain rates, the o phase is
likely to undergo dynamic recrystallization (DRX) [2]
which softens the boundary layer at the rates required
to prevent cracking totally. Thus, the limiting tempera-
ture and strain rate conditions for cracking are decided
by those that can initiate DRX of primary a at the
grain boundary. Since the resolved shear stress is re-
sponsible for the sliding at the prior B boundaries and
the occurrence of cracks is not specific only to triple
junctions, it seems appropriate to describe them as
‘shear’ cracks so as to distinguish from the commonly
known ‘wedge’ cracks.
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3.2.2. Intermediate temperature regime: a—J§ deformation

In the domain occurring over the temperature range
850-950°C and strain rate range 0.001-0.01 s~ ! with a
peak power dissipation efficiency of 49%, the mi-
crostructures obtained on deformed specimens indicate
significant morphological change of o phase from
lamellar to equiaxed. Typical microstructures obtained
at 850, 900 and 950°C on specimens deformed at 0.001
s—! are shown in Fig. 6(a-c), all of which exhibit
globularization of the colony structure. The shapes of
stress-strain curves in this domain Fig. 2(a) have exhib-
ited continuous flow softening. Gegel et al. [15] have
shown that the flow curves of transformed B preforms
become asymptotic to those of equiaxed «-B preforms
at sufficiently large strains ( ~ 0.6) since the process of
globularization converts metastable Widmanstitten
structure to a more stable equiaxed configuration.

The process of globularization may be visualized in
simple terms to consist of the following steps which are

schematically shown in Fig. 7.

1. Shearing of laths due to imposed shear strain: This
process is strain dependent and may reach comple-
tion at larger strains. At a time, a few colonies
which are favorably oriented with respect to the
applied stress will participate in the shearing process
and will rotate the neighboring unfavorable orienta-
tions, facilitating further shear.

2. Generation of dislocations of both signs along the
line of shear.

3. Simultaneous recovery by cross-slip leading to anni-
hilation of opposite sign dislocations on intersecting
slip planes and leaving behind groups of disloca-

-
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Fig. 3. Power dissipation map obtained on ELI Ti-6-4 at a strain of
0.5. Contour numbers represent percent efficiency of power dissipa-
tion.
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(®)

Fig. 4. Microstructures obtained on ELI Ti-6-4 deformed at (a)
750°C/0.01 s~ 1; and (b) 800°C/0.01 s—!. The compression axis is
vertical,

tions with same sign to nucleate an interface along
the line of shear.
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Fig. 5. Statistical distribution of the angle between cracked prior f
grain boundary and compression axis.



(c)

Fig. 6. Microstructures of specimens deformed at (a) 850°C/0.001
s~ !; (b) 900°C/0.001 5~ '; and (c) 950°C/0.001 s—!. The compression
axis is vertical,

4. Migration of interfaces by diffusion to minimize the
surface energy forming the globules
Thus, the globularization process may also be re-
garded as a type of dynamic recrystallization since it
also involves two competitive processes viz., rate of
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nucleation and rate of migration. Globularization as-
sumes considerable importance in the conversion step
of ingot to semi-product (billet) using cogging or extru-
sion since this step produces the desired fine grained
equiaxed o—P microstructures for further processing
into finished shapes.

3.2.3. Deformation in the [ transus region

The power dissipation map exhibited points of inflex-
ion in the iso-efficiency contours at = 975°C when the
strain rate is higher than about 0.1 s~' and these are
indicated by arrows in Fig. 3. A change in slope of the
contours occurred at these points.' It may be noted that
the B transus for ELI Ti-6-4 was reported to be about
975°C [1] and thus the indications of the B transus from
the map matches well with that reported in the litera-
ture. Such inflexions in contours indicate that phase
changes are occurring in the system since the efficiency
of power dissipation actually represents the relative rate
of entropy production [9-11]. However, any significant
inflexions in the contours did not appear at strain rates
lower than 0.1 s—! indicating that the deformation

(a)
it

N5 O
PO MR (b)

So S S

<

(c)
OO0 @

Fig. 7. Schematic illustrating the steps of globularization process.

! Although the inflexions associated with phase transformation in
this material are not so clearly evident, striking changes have been
observed in a large number of other systems [12].
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Fig. 8. Variation of total tensile elongation with temperature at a
nominal strain rate of 0.01s—".

mechanism occurring at transus and lower strain rates
has an efficiency of power dissipation similar to the
mechanisms occurring on either side of the transus.
Also, deformation at transus may involve nucleation
of microstructural -damage which has a higher power
dissipation efficiency. This is further discussed in the
light of tensile ductility results.

3.2.4. Tensile ductility
The variation of total elongation to failure with

temperature at a nominal strain rate of 0.01 s~ for

ELI grade Ti-6-4 is shown in Fig. 8 which exhibits

the following features:

1. Low ductilities ( ~20%) are recorded at tempera-
tures less than 850°C and these are attributed to
the shear cracking occurring under these condi-
tions as discussed in Section 3.2.1.

2. The ductility attains a peak in the a—p range
around 920°C which corresponds to near equal
volume fractions of the two phases. The drop in
ductility beyond 920°C may be attributed to a
rapid increase in the $ volume fraction with in-
crease in temperature [4].

3. In the P range, the ductility peak occurs at
1050°C and the ductility values are high ( ~ 100%)
even at a strain rate of 0.01 s~

4. At the transus ( £ 975°C) a local minimum in the
ductility has occurred indicating that microstruc-
tural damage may have been nucleated at these
strain rates. The microstructure of the specimen
deformed in tension at 975°C and 0.01 s—!' did
not reveal any indication of microstructural dam-
age like voids or wedge cracks. However, this does
not rule out the nucleation of defects which are
not easily observable under optical microscope as
discussed by Ridley [16]. The mechanisms of B
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deformation and void nucleation at transus are
discussed in the next section.

3.2.5. Deformation in the f range

The B phase exhibits low flow stress and steady-
state flow curves (Fig. 2(b)) in the temperature range
980—1100°C and strain rate range 0.001-0.1 s—!. The
strain rate sensitivity of flow stress in this regime is
~0.33 and the tensile ductility measured at 1050°C
and a nominal strain rate of 0.01 s—! is close to
100%. In view of these observations, it may be in-
ferred that P is deforming by the mechanism of large-
grained superplasticity (LGSP) which is generally
referred to as ‘Class I superplasticity in coarse-grained
materials’ [17]. A number of materials like B brasses
[18], B titanium alloys [19], and aluminides [20-22]
are found to exhibit LGSP. It is generally explained
in terms of the sliding of boundaries generated within
the large prior B grain, due to the high rate of dy-
namic recovery in the bce structure with a concurrent
diffusion accommodated flow. These boundaries are
often seen in the ‘frozen’ specimens as a network of
finer grains in a large prior B grain boundary. Fur-
ther, in microstructures with Widmanstdtten colonies
within prior P grains, as the p volume fraction in-
creases with temperature the colony structure will dis-
solve leaving behind the colony boundaries. These
may be called ‘prior colony boundaries’ (PCBs) which
have angular misorientations ( ~8-10°) smaller than
large angle grain boundaries but higher than the con-
ventional subboundaries. The orientation of the PCBs
with respect to the compression axis has been mea-
sured on a specimen deformed at 960°C/0.05 s~ ' and
is shown in Fig. 9. There is a large population of
these boundaries with orientation at 30—60° which al-
lows them to slide under slow strain rate deformation
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Fig. 9. Statistical distribution of the prior colony boundary orienta-
tion with respect to the compression axis in a sample deformed at
950°C and 0.05 s~ .
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conditions. The PCB structure will be stable up to a
certain temperature and the sliding of these boundaries
results in LGSP when the strain at their triple junctions
is accommodated by self diffusion of B-phase atoms. In
view of the smaller degrees of misorientation of the
PCBs, the strain rate sensitivity of flow stress associated
with their sliding is likely to be moderate and may not
result in very large elongations as in conventional
fine-grained superplasticity. Also, as observed in the
conventional superplastic materials, there is always a
possibility for nucleation of cavities at the prior colony
triple junctions due to a mismatch between sliding rate
and accommodation rate as may be the case just at the
transus, leading to a ductility dip. At very high
(> 1050°C) temperatures, however, the prior colony
substructure will be unstable and prevents the
occurrence of LGSP.

3.2.6. Contiguity of mechanisms over the temperature
range 750-1100°C

As discussed earlier, the power dissipation map ex-
hibits a single domain over the entire range of test
temperature when the strain rate is below 0.1 s~!. The
domain consists of different processes including shear
cracking, globularization, void nucleation and LGSP.
The similarity in the efficiency of power dissipation
requires that there should be a contiguity between the
mechanisms as the temperature is increased and that
they should occur under similar conditions of strain
rate and state-of-stress. At lower temperatures, shear
cracking occurs at the prior B boundaries due to a
stress concentration caused by sliding of soft B layer.
As the temperature is increased, the stress concentra-
tion is relieved by the occurrence of DRX of primary
o at the boundary. Simultaneously, the shearing of
platelets in the Widmanstitten colony will also take
place leading to globularization. Further increase in
temperature causes an increase in the B volume frac-
tion and when it is beyond 50-60%, the increase is
very steep until the transus (B approach curve) [4].
Thus, around the transus region, B deformation mech-
anism decides the flow behavior which consists of slid-
ing of prior colony boundaries. Whether void
nucleation occurs or not depends on the rate of diffu-
sional flow and the stability of the prior colony
boundaries. The rate of diffusion in B phase at the
transus may not be sufficient to accommodate the
stress concentration at the triple junctions and due to
this a distinct possibility for void nucleation exists. At
temperatures well within the B phase field, the rate of
diffusion increases and mitigates void nucleation giving
rise to LGSP. However, beyond a critical temperature,
the prior colony structure itself will not be sufficiently
stable to contribute to strain and results in a drop in
the ductility. It may be noted that the presence of
shear stress and lower strain rates are essential require-
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Fig. 10. Microstructure of specimen deformed at 950°C and 10 s~ !.
The compression axis is vertical.

ments for the occurrence of all the above mechanisms
responsible for the contiguity.

Deformation mechanisms in ELI Ti-6-4 are also
temperature dependent when the strain rate is above
0.1 s—' In the lower o+ B temperature range, the
material exhibits flow localization and cracking as the
strain rate is increased. This is discussed further in the
next section. In the intermediate o+ B temperature
range, the microstructure of the deformed specimens
exhibit kinking of lamellae in the colony structure
which is not very sensitive to increase in strain rate.
Typical microstructure of specimen deformed at 950°C
and 10 s~ ! is shown in Fig. 10. In the higher tempera-
ture range, it is likely that B undergoes dynamic recov-
ery at higher strain rates since the occurrence of LGSP
will be restricted by the absence of PCB sliding.
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Fig. 11. Instability map obtained on ELI Ti-6-4 at a strain of 0.5.
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3.3. Flow instabilities

The instability map developed using the criterion
given by Eq. (2) is shown in Fig. 11. The map shows
that a large regime of flow instability occurs at tem-
peratures lower than 950°C and strain rates higher
than 0.01 s~' in the o~P range. The instability regime
is validated with the help of microstructural observa-
tions on deformed specimens under various conditions
(Fig. 12(a-1)). These microstructures exhibit flow lo-
calization bands which become diffused with increas-
ing temperatures and decreasing strain rates and
confirm the predictions of the instability criterion Eq.
(2). The formation of these bands may be attributed
to the adiabatic conditions created during deformation
and low thermal conductivity of Ti-6-4. During defor-
mation at higher strain rates, the heat generated due
to plastic deformation is not conducted away since the
time available is too short. As the flow stress is lower
at higher temperatures, further deformation is pre-

ferred in this band thereby causing localization. The
localized flow causes a microstructural change in the
band region which reveals very fine grains (Fig. 12)
presumably formed due to recrystallization after dy-
namic recovery.

At low temperatures ( < 800°C) and very high strain
rates (>1 s7'), the microstructures showed that the
flow localization is very intense and causes cracking
along the adiabatic shear band (Fig. 12(a) and (b)).
As expected, the continuum criterion for flow instabil-
ity breaks down when such cracking occurs. Instead,
the power dissipation map (Fig. 3) exhibits a steep
efficiency hill corresponding to this regime with a
peak efficiency of 39% at 750°C/100 s~ '.

4. Conclusions

- From the processing maps generated in the temper-
ature range 750-1100°C and strain rate range 0.001-

Gl

Fig. 12. Microstructures of ELI Ti-6-4 specimens exhibiting flow instabilities: (a) deformed at 750°C/10 s ~'; (b) 750°C/100 s ~'; (c) 800°C/1 s~ 1,
(d) 800°C/10 s~ '; (¢) BO0°C/100 s—'; (f) 850°C/1 s~ '; (g) 850°C/10s~"; (h) 850°C/100s~"; (i) 900°C/100s—"; and (j) 950°C/100 s—'. The

compression axis is vertical.
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Fig. 12. (Continued)

100 s—! on ELI grade Ti-6-4 with Widmanstitten
preform microstructure, the following conclusions are
drawn:

(1) The material exhibits cracking at prior p grain
boundaries when deformed at lower temperatures ( <
800°C) and slower strain rates (< 0.1 s=1).

(2) Strain dependent globularization occurs in the
temperature range 850-950°C and at strain rates below
0.1 s~ ! This mechanism assumes considerable impor-
tance during ingot conversion stage.

(3) The B phase exhibits large-grained superplasticity
which occurs by the sliding of prior colony boundaries
with simultaneous diffusion accommodated flow.

(4) At the transus and lower strain rates, a dip in
tensile ductility occurs indicating that voids may be
nucleating during deformation.
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(5) The material exhibits flow instabilities at lower
temperatures ( < 950°C) and higher strain rates ( > 0.1
s~ ") in the a—P range which manifest in the form of
adiabatic shear bands. At very high strain rates crack-
ing occurs along the bands.
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Effect of Prior 3-Grain Size on the Hot Deformation

Behavior of Ti-6Al-4V: Coarse vs Coarser
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The hot deformation behavior of extra low interstitial (ELY) grade Ti-6A1-4V with a transformed 3-preform
microstructure was studied in coarse (0.5 to 1 mm) and coarser (2 to 3 mm) (prior 3) grained materials using
hot compression testing in the temperature range of 750 to 1100 °C and a strain rate range of 0.001 to 100 s-1,
Processing maps were developed on the basis of the flow stress data as a function of temperature and strain
rate. The maps revealed that the domain of globularization of the lamellar structure and region of large grained
superplasticity of 8 were not influenced by the prior S-grain size. However, the regimes of cracking at the prior
B-grain boundaries occurring at lower temperatures and strain rates and the flow instability occurring at lower
temperatures and higher strain rates were both wider for the coarse grained material than the coarser grained
material. The - instability regime, however, was more pronounced in the coarser grained material. From the
hot workability viewpoint, the present results show that there is no remarkable benefit in refining the prior
B-grain size. On the contrary, it will somewhat restrict the workability domain by widening the adjacent

regimes, causing microstructural damage.

Reywords grain size, hot processing, titanium, Ti-6Al-4V alloy —‘

1. Introduction

The Ti-6A1-4V is a two-phase titanium alloy with a f transus
(a+ B— ) in the temperature range of 970 to 1020 °C depend-
ing on the interstitial impurity (primarily oxygen) content, The
alloy is extensively used in the aerospace industry, and the extra
low interstitial (ELI) grade is preferred for applications where
high fracture toughness is an important requirement.['! The pri-
mary processing of Ti-6Al-4V ingots generally involves hot
working in the Brange, air cooling to obtain a transformed mi-
crostructure, and mechanical working in the a-f3 range to obtain
fine grained equiaxed (o + B) structure. Such a microstructure re-
sults in good fracture toughness and low cycle fatigue properties.
Conversely, the transformed S microstructure consists of acicular
or lamellar morphology depending on the rate of cooling from the
[solutionizing temperature, and this type of microstructure re-
sults in good creep resistance and high temperature strength. Air
cooling, for example, produces Widmanstitten colonies of (¢ + )
lamellae within large prior B grains with their boundaries contain-
ing a thin primary « layer. The prior 3-grain size has an influence
on the mechanical properties, and sizes below about 200 ym are
considered desirable. In view of faster diffusion rates, hot work-
ing in the B range produces very coarse prior f grains, and re-
finement by B recrystallization often requires interspacing the
B forging with a few steps of a-f forging. While a finer prior
[3-grain size is beneficial for the mechanical properties in the heat-
treated component, its influence on the hot workability in the -
regime is not clearly understood. Semiatin e al.™ reported that the
reduction in hot ductility with a decrease in temperature is greater
for larger prior B-grain sizes, and the ductility trough is deeper.

Y.V.R.K. Prasad, T. Seshacharyulu, S.C. Medeiros, and W.G. Frazier
Materials Process Design Branch, Materials and Manufacturing Direc-
torate, Air Force Research Laboratory, Wright-Patterson Air Force
Base, OH 45433.

21

Journal of Materials Engineering and Performance

Suzuki et al.™ explained such an effect in terms of void forma-
tion and growth occurring during sliding at the thin flayer in bet-
ween the primary alpha and the Widmanstiitten sideplates. While
the prior B-grain size is expected to have an effect on the fracture
processes occurring at the prior S-grain boundaries, it is important
to understand its influence on all the mechanisms that influence
hot workability. The goal of this study was to examine the effect of
prior B-grain size on the overall hot working behavior of Ti-6Al-
4V with a transformed B-starting (Widmanstéitten) microstructure.
For this purpose, studies were conducted on coarse vs coarser prior
B structures of an ELI grade Ti-6A1-4V.

In this study, the approach of processing maps was adopted
to represent and analyze the constitutive behavior of Ti-6Al-4V
during hot deformation. The basis and principles of this approach
have been described elsewhere !> and its application to the hot
working of a wide range of materials has been compiled recently.!”
In brief, depicted in a frame of temperature and strain rate, power
dissipation maps represent the pattern in which power is dissi-
pated by the material through microstructural changes. The rate
of this change is given by a dimensionless parameter called the
efficiency of power dissipation:

= _2m_ (Eq1)
m+1

where m is the strain rate sensitivity of flow stress. Over this
frame is superimposed a continuum instability criterion for iden-
tifying the regimes of flow instabilities, developed on the basis
of extremum principles of irreversible thermodynamics as ap-
plied to large plastic flow!® and given by another dimensionless
parameter:

d In(m/m + l)+

&&= 0 lné

(Eq2)

where £ is the applied strain rate. Flow instabilities are predicted
to occur when &(€) is negative. These two maps together consti-
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tute a processing map that exhibits domains with local effi-
ciency maxima representing certain specific microstructural
mechanisms together with regimes of flow instabilities.

2. Experimental Procedures

2.1 Materials

The Ti-6A1-4V alloy used in this investigation was of an ELI
grade and had the following composition (wt.%): 6.04-Al, 3.91-
V, 0.13-0, 0.08-Fe, 0.008-N, with titanium balance. The f§ tran-
sus for this material was about 970 °C. The alloy was upset forged
in the Brange at 1180 °C, o cogged at 960 °C, and f cogged at
1080 °C, followed by water quench. Due to differential defor-
mation history from the surface to the center, different prior 3-
grain sizes were produced in the cogged billet. The center region
of the billet had a prior f-grain size in the range 2 to 3 mm (called
“coarser” hereafter), while the surface region had a range of about
0.5 to 1.0 mm (called “coarse” hereafter). Figures 1(a) and (b)
show the initial microstructures of these two grain sizes. It can be
noted that minor variations in the thickness of the primary « layer

Fig.1 [Initial microstructures of Ti-6A1-4V used for testing: (a) coarser
(2 to 3 mm) and (b) coarse (0.5 to 1 mm) prior B-grain sized material
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at the prior B boundary and in the size of the Widmanstiitten
colonies also existed in these microstructures.

2.2 Hot Compression Testing

Isothermal, constant true strain rate compression tests were
conducted using a servohydraulic testing machine over the tem-
perature range of 750 to 1100 °C at 50 °C intervals and at constant
true strain rates 0.001, 0.01, 0.1, 1, 10, and 100 s~!. Specimens of
15 mm height and 10 mm diameter were used for testing in the
o-f range, while larger specimens of 22.5 mm height and 15 mm
diameter were used to obtain accurate flow stress measurements-
in the 3 range. The specimens were coated with a borosilicate
glass paste for lubrication and environmental protection. They
were deformed to half the height in each case to impose a true
strain of about 0.7 and were air cooled to room temperature after
deformation. The deformed specimens were sectioned parallel
to the compression axis and prepared for microstructural exam-
ination using standard techniques. The specimens were etched
with Kroll’s reagent, and polarized light micrographs were
recorded.

2.3 Flow Stress Data Analysis

The load-stroke data obtained from the compression tests were
processed to obtain true stress-true plastic strain curves using the
standard method. The data were corrected for adiabatic temper-
ature rise (significant at higher strain rates) using a linear inter-
polation between In (o) and (1/T'), where o is flow stress and T
is temperature in Kelvin. The strain rate sensitivity, m, was com-
puted using a spline interpolation between In (&) and In (€), and
this procedure was repeated at different temperatures. The power
dissipation efficiency parameter and instability parameter were
calculated as a function of temperature and strain rate at dif-
ferent strains as per Eq 1 and 2, respectively, and were plotted
in the temperature-strain rate plane to obtain power dissipation
and instability maps.

3. Results and Discussion

3.1 Stress-Strain Behavior

Figures 2 and 3 show the true stress-true plastic strain curves
obtained on the coarse and coarser grained Ti-6A1-4V at 800 °C
(a-PBrange) and 1100 °C (S range), respectively. In the o-Brange
(Fig. 2a and b), the curves exhibited continuous flow softening,
which is typically observed in transformed [ microstructures.*!
It can be noted that at lower strain rates (<0.1 s™!), the extent of
flow softening is not dependent on the prior 3-grain size, while
at higher strain rates, the flow softening is more prominent in the
coarse grained material (Fig. 2b) than in the coarser material.
Differences with grain size are also observed in the 3 -deformation
range (Fig. 3a and b). In the coarse grained material (Fig. 3b),
steady-state, stress-strain curves were obtained at strain rates
below about 1 s™! with similar behavior observed in the coarser
material at strain rates below about 0.1 s™.. A significant differ-
ence is observed at higher strain rates where the curves exhibited
broad oscillations that are more striking and have extended to
lower strain rates in the coarser material (Fig. 3a).
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Fig.2 Flow curves obtained on Ti-6A1-4V in the a-Bregime (800 °C)
and different strain rates: (a) coarser grained material and (b) coarse
grained material

3.2 Processing Maps

The processing maps obtained on the two grain sizes corre-
sponding to a true plastic strain of 0.5 are shown in Fig. 4(a)
and (b). The contour numbers in the map represent the percent
of efficiency of power dissipation (Eq 1), and the shaded area
represents the regime where flow instability is predicted (Eq 2).
The maps obtained at lower strains are not significantly different
from those presented in Fig. 4, suggesting that strain within this
range does not have a major influence.

The map for the coarser grained material (Fig. 4a) exhibits a
single domain at strain rates lower than about 1.0 s~! and over a
wide temperature range with a local efficiency maximum of about
46%. The map also reveals two regimes of flow instability—one
at temperatures below about 825 °C (a-f3 range) and strain

rates above 0.1 s~ and the other at temperatures higher than

about 1050 °C (B range) and strain rates above 10 s
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Fig.3 Flow curves obtained on Ti-6A1-4V in the S regime (1100 °C)
and different strain rates: (a) coarser grained material and (b) coarse

The single domain occurring at lower strain rates covers both
the a-Band the Branges, and therefore, must represent the mech-
anisms of hot deformation of (c+ 8) and B-phase microstructures.
In general, the map delineates the temperature of phase transfor-
mation by exhibiting points of inflexion (change in the curvature)
in the contours around this temperature.!”) In the present case, such
inflexions are not clearly evident, and this result is interpreted in
terms of merging of domains with similar efficiencies of power
dissipation across the transus. At the transus, such a merging has
been attributed'? to the sliding of intercolony boundaries that may

" cause void nucleation at their triple junctions. Such a process will

have an efficiency of power dissipation similar to the adjacent
processes and will result in a sharp drop in the tensile ductility.

3.3 Globularization Domain

In the o regime, the microstructures recorded on the deformed
specimens exhibited globularization of the lamellar microstruc-
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Fig.4 Processing maps obtained on Ti-6A1-4V at a true plastic strain
of 0.5: (a) coarser grained material and (b) coarse grained material.
Contour numbers represent percent efficiency of power dissipation.
Shaded region corresponds to flow instability. Dotted boundary repre-
sents the upper limits of prior B-boundary cracking

ture. Figure 5(a) shows a typical specimen, which corresponds to
acoarser grained specimen deformed to a true strain of about 0.7
at 900 °C and 0.001 s~'. In this domain, the extents of globular-
ization and the globular size are less at lower temperatures and
higher strain rates. The mechanism of globularization has been
discussed elsewhere.!'"l Briefly, the process consists of shearing
of the lamellae, which are favorably oriented to the stress axis;
simultaneous occurrence of dynamic recovery by cross-slip to

18A__Unliima O/ Anril 200N

Fig. 5 Microstructures obtained on Ti-6A1-4V specimens deformed
at 900 °C and 0.001 s~! exhibiting globularization of lamellar structure:
(a) coarser grained material and (b) coarse grained material

nucleate an interface; and migration of the interfaces to form
globules for reducing the total interface energy. The rate con-
trolling step, however, was evaluated to be the occurrence of the
cross-slip..!"1 On the basis of the temperature dependence of flow
stress, which follows the kinetic rate equation given by

&= Ac" exp(- Q/RT) (Eq3)

where £ is the strain rate, A is a constant, ¢ is the flow stress, n is
the stress exponent, Q is the activation energy, R is the gas constant,
and T is the temperature, the apparent activation energy for the
globularization process has been calculated. Figure 6 shows the
Arrhenius plot, demonstrating the variation of flow stress with
temperature at a strain rate of 0.001 s™!, which confirms the va-
lidity of Eq 3 and shows that the apparent activation energy is
approximately 394 kJ/mole for this process.

Figure 4(b) shows the processing map for the coarse grained
material, which exhibits two domains. The first domain is at lower
strain rates (<0.1 s™') covering a wide temperature range with a
local maximum of efficiency of power dissipation of about 49%.
This domain is very similar to the domain described previously for
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the coarser grained material (Fig. 4a). The second domain occurs
at temperatures lower than 800 °C and at strain rates higher than
about 1 57!, which is actually-in the regime of flow instability as
predicted by the criterion given by Eq 2. The mechanism occur-
ring in the second domain is discussed in a following section along
with the manifestations of flow instabilities. Regarding the insta-
bility regime, the coarse grained material exhibited a much wider
area of flow instability in the o-Brange than did the coarser grained
material, but in the f range, the deformation was free from flow
instabilities in the coarse grained material unlike in the coarser
grained material.

The interpretation of the lower strain rate domain in the pro-
cessing map for the coarse grained material (Fig. 4b) is similar to
that described above and consists of two deformation mechanisms
in the ¢-B and S regimes merging at the transus. The microstruc-
tural features of a coarse grained specimen deformed in the -
range (900 °C and 0.001 s™) are shown in Fig. 5(b), which ex-
hibits globularization very similar to that observed in the coarser
grained material (Fig. 5a). The Arrhenius plot for the coarse
grained material is shown in Fig. 6, which yields apparent activa-
tion energy values similar to those obtained on the coarser
grained material. Thus, the domain of globularization and its char-
acteristics are not significantly affected by changing the grain size
from coarser to coarse as can be expected from the intragranular
nature of the mechanism.

3.4 Prior 3-Cracking Regime

Additional microstructural investigations have revealed that
at temperatures below about 800 °C and strain rates lower than
about 0.1 s, cracking at the prior 8 boundaries has occurred and
a majority of cracks are found at the bulge regions of the com-
pression specimen. Figure 4(a) schematically shows the crocking
regime as dotted lines on the processing map, and a typical mi-
crostructure is shown in Fig. 7(a), which corresponds to a coarser
grained specimen deformed at 750 °C and 0.01 s~!. These cracks
occurred preferentially on boundaries which were near 45° orien-

5.2
ELI Ti-6Al-4V: Globularization Domain
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Fig. 6 Arrhenius plot showing the variation of the flow stress with the
inverse of temperature in the globularization domain of Ti-6A1-4V
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tation with respect to the compression axis and may be termed
“shear” cracks. The mechanism of cracking was discussed in
detail in an earlier publication.!'®? The cracks nucleate at the soft
Blayer existing at the interface between the primary « layer and
the colony sideplates of the prior f boundary and grow under a
combined state of stress existing at the bulge region of the com-
pression specimen. The limiting condition for mitigating the for-
mation of cracks is the occurrence of dynamic recrystallization
of the primary « at the prior  boundary, which is ensured at
higher temperatures and lower strain rates.

The regime of prior B cracking for the coarse grained material
is shown schematically in Fig. 4(b), and this regime is wider than
that in the coarser grained material (Fig. 4a). Figure 7(b) shows
typical microstructure of a coarse grained specimen deformed at
750 °C and 0.01 s, and the features of cracking such as its ori-
gin and orientation with respect to the compression axis are sim-
ilar to those of the coarser material. The wider regime in the map
for the coarse grained material can be attributed to the increased
probability of the prior boundaries with the near 45° orientation,

(b

Fig.7 Microstructures of Ti-6A1-4V specimens deformed at 800 °C and
0.01 s exhibiting cracking at the prior 8 boundaries: (a) coarser graiped
material and (b) coarse grained material. The compression axis is vertical
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which can help in enhancing the nucleation process. Thus, the
results indicate that reducing the grain size from coarser to coarse
grains is not beneficial from the point of view of prior § cracking
because it restricts the globularization domain on the lower
temperature side.

3.5 Mechanism of 3 -Deformation

The processing maps do not exhibit any specific domains in
the f-deformation range because the power dissipation effi-
ciencies are similar to those for the globularization domains.
However, tensile ductility measurements in the  range have
shown high elongations (=100%) at a strain rate even as fast as
0.01 51119 This suggests that mechanisms similar to those caus-
ing large grained superplasticity (LGSP) are responsible for the
B deformation. The apparent activation energy for the process
has beern estimated using the kinetic rate equation.?!

Figure 8 shows the Arrhenius plots using the data on the
coarser and coarse grained materials in the S-temperature range.
The plot yielded a value of about 256 kl/mole, which is near that
for self-diffusion in Btitanium (153 kJ/mole),["? suggesting that
the process is controlled by diffusion. The prior 3-grain size
does not have much influence on the apparent activation energy.
On the basis of high elongations, moderate strain rate sensitiv-
ity (=0.3), the apparent activation energy values, and the steady-
state stress-strain curves (Fig. 3), it can be concluded that LGSP
is the most likely mechanism of § deformation. It is likely that
the prior Widmanstétten colony bouridaries within large 8 grains
are stable during deformation and tend to slide under shear stress
when their orientation is near 45° with respect to the compres-
sion axis. The sliding process contributes significantly to the
total strain if the stress at their triple junctions is accommodated
by diffusional flow, which is possible at higher temperatures
(e.g., 1050 °C). The characteristics of LGSP domain are not af-
fected by the prior B-grain size as expected from the intragran-
ular (within the f§ grains) nature of the mechanism as explained
previously.

ELI Ti-6Al-4V: B Regime
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Fig.8 Arrhenius plot showing the variation of the flow stress with the
inverse of temperature in the f regime of Ti-6-4

18R _Valima QY Anril 2000

3.6 Flow Instabilities

A comparison of the flow instability regimes in the processing
maps for the coarse and coarser grained materials (Fig. 4a and b)
reveals that the instability regime in the o-f range is wider in the
coarse material than the coarser material, while that in the Sregime
occurs only in the coarser material. While the manifestation of
the B instability is difficult to capture metallographically due to
the phase transformation occurring during cooling of the speci-
men, the nature of the flow instabilities in the o regimé can be
studied in detail using microstructural observations.

Typical microstructures obtained on specimens deformed in
the instability regime at 750 °C/100 s~! and 850 °C/100 s! are
shown in Fig. 9 and 10, respectively. In each of the figures, the
micrographs for the coarser and coarse grained materials are com-
pared. At 750 °C, intense adiabatic shear banding has occurred in
both the materials, although the adiabatic shear bands resulted in
cracking of the specimens in the coarse material (Fig. 9b),
thereby showing a domain of high efficiency (Fig. 4b). The flow
localization bands became increasingly diffused with increas-
ing temperature (Fig. 9 vs Fig. 10). Figure 11 shows the micro-
structures recorded on specimens deformed at 850 °C/10 s-1, and

)

Fig. 9 Microstructures obtained on Ti-6A1-4V specimens deformed
at 750 °C and 100 s7*: (a) coarser grained material and (b) coarse grained
material. The compression axis is vertical

Journal of Materials Engineering and Performance




Fig. 10 Microstructures obtained on Ti-6A1-4V specimens deformed
at 850 °C and 100 s7': (a) coarser grained material and (b) coarse grained
material. The compression axis is vertical

a comparison with Fig. 10 reveals that the intensity of flow lo-
calization reduces with a decrease in strain rate.

The formation of the flow localization bands can be attributed
to the adiabatic conditions created during deformation and the low
thermal conductivity of Ti-6A1-4V. The heat generated at higher
strain rates was not conducted away due to insufficient time, which
reduces the flow stress locally leading to flow localization. In the
case of coarser material, the higher temperature limit for flow
instability is less by about 50 °C than that of the coarse material,
and this difference can be attributed to the extent of flow softening
observed in these two grain sizes (Fig. 2a and b). At strain rates
higher than 1 571, the coarse grained material has a much higher
degree of flow softening than the coarser material.

Unlike the coarse grained material, the coarser material does not
exhibit flow localization at temperatures higher than about 900 °C.
A comparison of the microstructures of specimens deformed at
900 °C/100 s7! is given in Fig. 12, which confirms the previous
conclusion. Thus, the results on the instability analysis and mi-
crostructural validation show that the coarser grained material
exhibits narrower regimes of flow instability in the o-fregime than
does the coarse grained material. However, in the 3-deformation
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Fig.11 Microstructures obtained on Ti-6A1-4V specimens deformed
at 850 °C and 10 s™": (a) coarser grained material and (b) coarse grained
material. The compression axis is vertical

range of coarser material, flow instabilities occur at strain rates
higher than 10 s,

4. Conclusions

The hot deformation behavior of ELI grade Ti-6A1-4V has
been studied in coarse and coarser (prior 3) grained specimens
using processing maps in the temperature range 750 to 1100 °C
and a strain rate range of 0.001 to 100 s~. The interpretations are
validated by microstructural examination. The following con-
clusions can be drawn from this investigation on the influence of
prior 3-grain size.

»  The process of globularization of the (o + 3) lamellae and
the process of large grained superplasticity of the § phase
are not significantly influenced by the prior -grain size,
because both the mechanisms are essentially intragranular
in nature. '

»  The region of prior S-boundary cracking occurring at lower
temperatures and strain rates is wider in the coarse grained
material than the coarser material.
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(b)

Fig. 12 Microstructures obtained on Ti-6A1-4V specimens deformed
at 900 °C and 100 s7': (a) coarser grained material and (b) coarse grained
material. The compression axis is vertical

»  The flow instability regime in the a-f range, which mani-
fests as adiabatic shear band formation and flow localiza-
tion, is wider in the coarse grained material than in the
coarser material. However, the flow instability of the 3 de-
formation is prominent in the coarser grained material.

160—Volume 9(2) April 2000

¢ From the hot workability viewpoint, the present results
show that there is no remarkable benefit in refining the prior
B-grain size. Conversely, it will somewhat restrict the work-
ability domain by widening the damage regimes.
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Effect of preform microstructure on the

hot working mechanisms in ELI grade Ti-6AI-4V:
transformed g v. equiaxed (a + f)

Y.V.R. K. Prasad, T. Seshacharyulu, S. C. Medeiros, and W. G. Frazier

Processing of Ti—6A1-4V includes hot working above and below the § transus and the various stages of manufacture
involve preforms with either transformed p (Widmanstiitten colony type) or equiaxed (o + f) microstructure. For
achieving defect free products during manufacture, it is important to understand the response of these two preform
microstructures to the imposed hot working conditions. In this paper, the influence of the preform microstructure
on the hot working mechanisms of extra low interstitial (ELI) grade Ti—6Al-4V has been studied with the help of
hot compression experiments conducted in the temperature range 750-1100°C and strain rate range 0-001-100s™".
The data have been analysed using the standard kinetic approach as well as the more recent approach of processing
maps. In the o—f range, the stress—strain behaviour of transformed f preform is marked by a higher flow stress and
a continuous flow softening while the equiaxed (o + ) preform exhibits steady state flow at lower strain rates. By
deforming in the o~f range, the transformed f microstructure is converted into an equiaxed one by a process of
globularisation. On the other hand, the equiaxed (o + f#) preform deforms superplastically with an associated minor
change in its microstructure. In the § range, the transformed # deforms by a process of large grained superplasticity
involving the sliding of prior colony ( Widmanstiitten) boundaries with an associated diffusion accommodated flow.
However, dynamic recrystallisation of § occurs in the equiaxed preform. Deformation near the transus for both the
preforms is associated with local minima in the tensile ductility indicating the possibility of void nucleation. At
strain rates higher than about 0-1s™!, both the preforms exhibit Aow instabilities manifested in the form of flow

localisation due to adiabatic shear band formation which is severe in the case of transformed f preform.
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Introduction

The alloy Ti-6Al-4V (Ti-6-4) is extensively used in
aerospace applications and the extra low interstitial (ELI)
grade contains oxygen in the range 0-1-0-13 wt-%. The
ELI grade is preferred for applications where high fracture
toughness is a critical requirement since it has a 30%
higher fracture toughness than the commercial grade.! In
general, Ti-6-4 ingots are processed by forging/cogging
initially in the § range (supra-transus) followed by deforma-
tion in the a—f range (sub-transus) to manufacture semipro-
ducts like bars, plates, sheets, and other merchant shapes.?
Component manufacture is done either by f processing
followed by a suitable heat treatment or by o—f8 forging
followed by homogenisation/stress reliel anneal, depending
upon the required mechanical properties. Thus, in the
primary, secondary, or component manufacturing stages,
the material being processed will have basically two dif-
ferent preform microstructures: one is the transformed f
(referred to hereafter as f,) with Widmanstitten (lamellar)
colony structure and the other is an equiaxed (o + f)
(referred to below as {a + f8),) structure. The former one is
present in the as cast ingot as well as in the material heat
treated above the transus and air/fan cooled, while the
latter one is produced by extensive mechanical working of
the lamellar structure in the a—f range. As these two
preforms respond differently to mechanical processing, it is
necessary to characterise their behaviours so that the
processing parameters are suitably chosen and controlled
in the relevant stages of manufacture. The objective of
the present investigation is to distinguish between their
responses in terms of identifying the ‘safe’ processing
windows so that defect free products are manufactured.

There are few studies on the fundamental mechanisms
of hot deformation of the ELI grade Ti-6-4 in the literature.
The early studies of Grant et al> and Wu and Lowrie?
have shown that the (ax+ f), preform exhibits abnormat
elongation in the a—f range. Arieli and Rosen,® and Paton
and Hamilton® have studied several aspects of superplastic
deformation of ELI grade Ti-6-4 and correlated the
behaviour with several microstructural parameters. Cope
and coworkers”® have identified optimum temperature and
strain rate for obtaining highest superplastic elongation
and also observed that this process is associated with
cavitation at large strains. As regards the hot deformation
behaviour of B, preform, Semiatin et al.® established the
conditions under which cavitation and failure occurs during
hot forging in the a-fi range, and proposed a fracture
criterion to explain such damage. Seshacharyulu et al.'®
have used processing maps to identify the ‘safe’ processing
windows wherein microstructural damage including prior
B boundary cracking, void nucleation, lamellae kinking,
and adiabatic shear band formation are avoided. In the
&—f range, a process of globularisation of the lamellar
structure was identified as the safe hot deformation
mechanism.

In comparing the microstructural responses of the two
preforms of Ti-6-4, the results on the stress—strain behav-
iour, the kinetic analysis, and the processing maps have
been considered along with their impact on industrial
processing. Details about these approaches of analysing
hot deformation mechanisms in materials have been
discussed in a recent review.!! In particular, a processing
maps approach has been found!? to be beneficial in arriving
at optimum processing parameters and in avoiding micro-
structural defects including flow instabilities.

The conventional approach!® to analysing the hot
deformation behaviour has been kinetic analysis. It is
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shown that the steady state flow stress o is related to the
applied strain rate ¢ and temperature T through an
Arrhenius type rate equation

g=Ao"exp(—Q/RT) . . . . . . . . . . . (1)

where A is a constant, n is known as the stress exponent,
Q is the activation energy, and R is the gas constant. On
the basis of the stress exponent and activation energy
values, the atomistic mechanisms are identified. In recent
years, the processing maps approach has been applied to
characterising and optimising the hot deformation behav-
iour of materials. The principles and basis for this approach
have been described previously!'! and its application to a
wide range of materials has been discussed in a recent
compilation.'? Briefly, this approach considers the work-
piece as a dissipator of power that is converted into thermal
(temperature rise) and microstructural forms. The factor
that partitions power into these two forms is the strain rate
sensitivity m of flow stress. By comparing the dissipation
characteristics of the workpiece, which is a non-linear
dissipator, with that of an ideal linear dissipator (m=1), a
dimensionless parameter called efficiency of power dissi-
pation has been defined as!!

2
e .

m+1

The three-dimensional variation of n with temperature
and strain rate at a constant strain, constitutes a power
dissipation map. This map depicts the manner in which
power is dissipated through microstructural changes that
occur during deformation and hence reveals domains in
which a specific mechanism may become an attractor for
minimising the energy of the dissipated state. By utilising
the principle of maximum rate of entropy production,'* a
continuum criterion for the occurrence of flow instabilities
is defined in terms of another dimensionless parameter

a1l 1

The variation of &(§) with temperature and strain rate
constitutes an instability map in which regimes of negative
£(€) values represent flow instabilities. A superposition of
the power dissipation map and the instability map gives a
processing map which may be used to characterise different
domains where different microstructural mechanisms occur
as well as the regimes that exhibit flow instabilities.

m<O0 .. .. .. .(3)

‘Experimental

The chemical composition of the ELI grade of Ti-6-4 used
in the present investigation was: Ti—(5-9—-6-2)Al{3-8—-4-1)V—-
(0-1-0-13)O—(0-02-0-08) Fe—(0-001-0-005)C (wt-%). Cylind-
rical specimens of 10mm dia. and 15 mm height were
machined from bar stock keeping the compression axis
along the rolling direction. Constant true strain rate
compression tests were carried out in the temperature
range 750-1100°C at intervals of 50°C and in the true
strain rate range 0-001-100s* at intervals of one order of
magnitude. Details of the tests have been described
elsewhere.'? All the specimens were deformed to a true
strain of about 0-5 and air-cooled from the test temperature.
The load-stroke data obtained from the experiments were
converted into true stress—true plastic strain using standard
equations. For the analysis of the hot deformation behav-
iour, the input data consisted of flow stress values (corrected
for adiabatic temperature rise) as a function of temperature,
strain rate, and strain. The deformed specimens were
sectioned parallel to the compression axis and prepared for
metallographic examination using standard polishing and
etching techniques.

a transformed f§ preform; b equiaxed (a + f§) preform

1 Starting microstructures of experimental Ti-6Al-4V
alloy

Results and discussion

The initial microstructures of the §, and (« + ). preforms
are shown in Fig. la and b respectively. The f, micro-
structure has a prior § grain size of about 0-5-1-0 mm with
a primary o layer of about 5um thick at the prior f
boundary. The Widmanstitten colonies have lamellae
oriented in different directions. The (« + ). preform has
a very fine two phase structure with an average o grain
size of about 10 um with a small amount (~ 10%) of inter-
granular B. The (x+ f)—f transformation temperature
(P transus) is about 975°C for this ELI grade.

STRESS-STRAIN BEHAVIOUR

The true stress—true plastic strain curves of the two
preforms obtained at different strain rates are shown in
Fig. 2a and b, which correspond to deformation temper-
atures of 850°C (representative of the a—f range) and
1100°C (representative of the B range), respectively. In the
o—f range, it is observed that the stress-strain curves for
the B, preform exhibit continuous flow softening unlike
that of the (x+ f), preform which show near steady state
behaviour. At a given strain rate and temperature, the f,
preform has a higher flow stress than the (x + f). preform.
Also the curves at high strain rates (>1s~!) contain
oscillations in both cases. In the f range, the g, preform is
stronger than the (o + f). preform and the shapes of stress—
strain curves are similar for both the preforms. At strain
rates lower than | s™!, the flow curves are of steady state
type while at higher strain rates oscillations are observed.
The continuous flow softening in the f, preform is
attributed!® to the conversion of the lamellar microstructure
to an equiaxed one by a process of globularisation which
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Ti-6Al-4V for different strain rates at given
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is caused by shearing of the lamellae followed by interface
migration. This process reaches completion at large strains
when all the colonies participate in the shearing process
and the flow curves become asymptotic to those of equiaxed
microstructure. The steady state behaviour in a two phase
material can be representative of superplastic deformation
while in a single phase material (high temperature § phase
here), such a behaviour is indicative of dynamic recrystallis-
ation (DRX) or large grained superplasticity (LGSP).
Likewise, oscillations in the stress-strain curves may be
indicative of either DRX or flow instabilities. In order to
evaluate the actual mechanism, therefore, further analysis
of the temperature and strain rate dependence of flow stress
will be required and therefore other modelling methods
will have to be applied.

KINETIC ANALYSIS

The variation of log ¢ with log ¢ is not linear over the
entire range of strain rate in the two phase region,
suggesting that the kinetic rate equation given by equa-
tion (1) is not valid. However, over a limited strain rate
range (0-001-0-1 s™!) and temperature range (750-950°C
in the «—f range and 1000-1100°C in the § range), validity
of equation (1) has been established. The Arrhenius plots
obtained on the two preforms at a strain rate of 0-001s~!
are shown in Fig. 3 in the «—f and f ranges of deformation
temperature. The estimated values of the stress exponent
and the apparent activation energy are given in Table 1 for
the two preforms of Ti-6-4. In the «—f range, the apparent
activation energy values are much higher than that for self-

—— P Preform
—-— (atB)e Preform |

ELI Ti-6A1-4V

N
—

log(s), MPa

w
T
S g

85 9 95 10
(1mx1o®, K
3 Arrhenius plot showing the variation of flow stress

with inverse of temperature in the a-f and f ranges
of experimental Ti~-6Al-4V material

diffusion in «-Ti (150 kJ mol~!) (Ref. 16), the difference
being more in the case of the §, preform. In this range, the
process of globularisation occurs and a typical micro-
structure of a f, specimen deformed at 900°C and 0-001 s~*
is shown in Fig. 4a. Alternate thermally activated analyses
of the globularisation process in the f, preform using
Shoécks and Kocks models have shown that cross-slip of
screw dislocations is the rate controlling step.!” In the
(o + ). preform, however, the mechanism of deformation
has been established to be superplastic deformation since
the material, which has such a fine grained two phase
structure, exhibits abnormal elongations (>1000%).”
Typical microstructure of (x+ f), specimen deformed at
800°C and 0001 s~ ! is shown in Fig. 4b. While sliding of
a/a interfaces essentially contributes to the superplasticity,
the critical step in this process is the accommodation of
the stress concentration at the grain boundary triple
Jjunctions. Since the B phase is present at the triple junctions,
the rate controlling step is shown'® to be the dynamic
recovery of the f§ phase and this explains why the apparent
activation energy for superplasticity does not match with
that for self-diffusion in either of the phases of pure titanium.

A plot of the variation of flow stress with the temperature
compensated strain rate parameter (Zener-Hollomon) Z
given by

Z=¢exp(Q/RT) . . . . . . . . . .. .@®

is shown in Fig. 5 which confirms the validity of the kinetic
rate equation (equation (1)) for both the preforms of Ti-
6-4. It may be noted that a small change in the slope
refiects the difference in the value of the stress exponent
(Table 1). The variation of the globule size in the §, preform
and « grain size in the (x+f), preform, with the Z
parameter are shown in Fig. 6. Such a plot will be useful
in controlling these microstructural parameters during
processing.

The kinetic analysis was also carried out in the f range
of testing and the corresponding values of the stress

Table1 Kinetic parameters and microstructural
mechanisms in hot deformation of ELI Ti-6Al-4V

a—f range f range
Qapp. Qapp )
Preform n  kJmol™' Mechanism n  kJmol™' Mechanism*
B 37 370 Globularisation 3-7 287 LGSP
(a+B)s 32 240 Superplasticity 3-8 151 DRX

*{ GSP large grained superplasticity, DRX dynamic recrystallisation.

21
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Fes

4 Microstructures obtained from a transformed g
preform specimen deformed at 900°C and 0-001s™'
and b equiaxed {(a + f} preform specimen deformed at
800°C and 0-001s™!

T — T g
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5 Variation of flow stress s with Zener-Hollomon
parameter Z in a-f and f ranges of experimental
Ti-6Al-4V alloy

exponent and the apparent activation energy (Fig. 3) are
also included in Table 1 for the two preforms. The stress
exponent is nearly independent of the preform micro-
structure while the apparent activation energy in the S,
preform is higher than that in the (x + f), preform and
that for sell-diffusion in B-Ti (153 kJ mol~!, Ref. 19). It is
interesting to note that the latter two values matched very
well. Detailed microstructural investigations and ductility
measurements in the f range have shown that the
mechanism of deformation in the f, preform is LGSP
(Ref. 10) and that in the (a + f), preform is DRX.!8 It may

1.3 T T T :
ELI Ti-6Al-4V s Preform
m  (a+f), Preform
12| -
3 [ ]
1 \\ *
—_ il ]
g N
3 a\
o R
5 1k \" . ]
o .
g - N ¥
o
< ool LN .
R )
08* 1
o7l . . . ,
6 8 10 12 14 16
log(Z. s™")

6 Variation of globule size d, and « grain size d, with
Zener-Hollomon parameter Zin a-frange of Ti-6Al-4V

be noted that LGSP occurs by the sliding of prior
(Widmanstitten) colony boundaries and DRX is controlled
by the rate of migration of grain boundaries. It is obvious
that LGSP cannot occur in the equiaxed preform since
there is no Widmanstitten colony structure. The variation
of flow stress with Z parameter for the f§ range is shown
in Fig. 5. Again, the influence of preform structure on the
slopes of the lines is not significant (similar stress exponents).

PROCESSING MAPS

The processing maps for the g, and (« + 8), preforms are
shown in Fig. 7a and b, respectively. The contour numbers
represent the percentage efficiency of power dissipation
projected on a temperature-strain rate plane. Referring to
Fig. 7a, an efficiency peak of 49% occurs over a wide
temperature regime at a strain rate of 0-001 s % In materials
where a phase transformation occurs, it is expected that
the contours show change in their curvatures'? at the
transformation temperature. However, in the map for the
B, preform the contours do not show any discontinuity
across the transus (~975°C) which may be interpreted
in terms of merging of two domains with similar power
dissipation efficiency values on either side of the transus.
At the transus, it is argued that the Widmanstitten colony
boundaries within the large f§ grains slide at slow strain
rates and the stress concentration at their triple junctions
is responsible for the nucleation of voids. Tensile ductility
variation with temperature in this preform has shown!®
that a local ductility minimum occurs at the transus, further
corroborating such a possibility. These void nuclei may
grow during soaking at temperatures close to the tran-
sus under conditions of large tensile residual stresses. In
the o—f range, the process of globularisation occurs in
the temperature range 850-950°C and strain rate range
0-001-0-01 s~ with its optimum at 925°C and 000157}
and under these conditions, the tensile ductility exhibits a
peak. The lower temperature limit for the use of globularis-
ation for defect free processing is set by the occurrence of
shear cracking at the prior  boundaries or wedge cracking
at their triple junctions'® while the higher temperature limit
is set by the void nucleation process. In the f§ regime, the
material exhibits LGSP resulting in an optimum work-
ability at 1050°C. The mechanism for this process is the
same as that causing void nucleation at the transus but
in LGSP, the void nucleation is mitigated by diffusion
accommodated flow at higher temperatures. The map also
exhibits another domain with a peak efficiency of 39% at
750°C and 100 s~ ! which represents the process of cracking
along the adiabatic shear bands as discussed below.

Materials Science and Technology May 2000 Vol. 16



Prasad et al.

Preform microstructure on the hot working mechanisms in ELI grade Ti-6Al-4V 515

LOG STRAIN RATE, 8!

4
(b)

3
B | 1
750 800 850 900 950 1000 1050 1100

TEMPERATURE, °C
a transformed § preform; b equiaxed (« + f) preform
7 Processing maps obtained on two types of preform
at a strain of 0-4: contour numbers represent
percentage efficiency of power dissipation; shaded
region corresponds to flow instability as predicted by
the criterion given by equation (3)

The processing map for the (& + f), preform also exhibits
two domains: one in the o~ range and the other in the
f range. The a—ff domain has a peak efficiency of 61%
at 825°C and 0001s~! while the § domain has a peak
efficiency of 43% at 1100°C and 0-001 s™!. On the basis of
ductility measurements’ and grain size variations (Fig. 6),
these domains are interpreted to represent fine grained
superplasticity and § DRX respectively. It may be noted
that superplastic deformation may result in cavitation
damage particularly at lower temperatures of the domain
and at very large strains. The higher temperature limit for
superplasticity is set by the temperature at which the g
volume fraction exceeds 50%. Higher # volume fraction
creates a larger number of a~f boundaries which do not
favour superplasticity. Also, the ductility measurements in
this domain have shown’ that the peak ductility occurs
over a very narrow range of temperature (about 50 K) and
hence stringent controls would be required for superplastic
forming of this grade of Ti-6-4. These mechanisms are
summarised in Table 1 for the two preforms and the two

1.2 mm
a transformed ff preform; b equiaxed {« + f§) preform {macrograph)

8 Microstructures obtained for specimens deformed in
flow instability region at 750°C and 100s™*

ranges of deformation temperature. It is interesting to note
that the ductility data of Wu and Lowrie? revealed that a
local minimum in ductility occurs at the transus in the
(a+ B), preform similar to that seen in the B, preform,'®
indicating the possibility of a microstructural damage
mechanism around the transus.

In both the preforms of ELI grade, a wide regime of
flow instability (shown as shaded area in Fig. 7a and b) is
present in the a—f§ regime at strain rates higher than about
0-1s~'. These are manifested as flow localisation due to
adiabatic shear band formation which is more intense in
the B, preform resulting in cracking along the adiabatic
shear bands. Typical microstructures obtained on specimens
deformed at 750°C and 100s~! are shown in Fig. 8 which
exhibit shear bands formed at an angle of ~45° with
respect to the compression axis. Further, in the instability
regime, the stress-strain curves exhibit continuous flow
softening (Fig. 2a) and/or oscillations (Fig. 2b).

Conclusions

On the basis of the characterisation of deformation
behaviour of the transformed B and equiaxed (x+ f)
preforms of ELL grade Ti-6-4 in the ranges 750-1100°C
and 0001-100s~* using kinetic analysis and processing
maps, the following conclusions are drawn on the influence
of preform microstructure on processing of this material.

1. The stress—strain behaviour of transformed f, preform
is marked by a higher flow stress and a continuous flow
softening while the equiaxed (« + f) preform exhibits steady
state flow at lower strain rates.

2. By deforming in the «—f range, the transformed f
microstructure is converted into an equiaxed one by a

33
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process of globularisation. On the other hand, the equiaxed
(o + B) preform deforms superplastically associated with no
significant change in its microstructural features.

3. In the f range, the transformed f preform deforms by
a process of large grained superplasticity involving the
sliding of prior colony (Widmanstiitten) boundaries with
an associated diffusion accommodated flow, while dynamic
recrystallisation of f# phase occurs in the equiaxed preform.

4. Deformation at the transus for both the preforms is
associated with a local minima in the tensile ductility
indicating the possibility of void nucleation.

5. At strain rates higher than about 0-1s™! and in the
oa—f range, both the preforms exhibit flow instabilities
manifested in the form of flow localisation due to adiabatic
shear band formation which is severe in the case of
transformed f preform.
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Abstract

The hot deformation behavior of Ti—6Al1-4V with an equiaxed a—PB preform microstructure is modeled in the temperature
range 750—1100°C and strain rate range 0.0003-100 s ~*, for obtaining processing windows and achieving microstructural control
during hot working. For this purpose, a processing map has been developed on the basis of flow stress data as a function of
temperature, strain rate and strain. The map exhibited two domains: (i) the domain in the a—p phase field is identified to represent
fine-grained superplasticity and the peak efficiency of power dissipation occurred at about 825°C/0.0003 s —'. At this temperature,
the hot ductility exhibited a sharp peak indicating that the superplasticity process is very sensitive to temperature. The a grain size
increased exponentially with increase in temperature in this domain and the variation is similar to the increase in the § volume
fraction in this alloy. At the temperature of peak ductility, the volume fraction of B is about 20%, suggesting that sliding of a—a
interfaces is primarily responsible for superplasticity while the B phase present at the grain boundary triple junctions restricts grain
growth. The apparent activation energy estimated in the a—B superplasticity domain is about 330 kJ mol ~ !, which is much higher
than that for self diffusion in o-titanium. (ii) In the B phase field, the alloy exhibits dynamic recrystallization and the variation
of grain size with temperature and strain rate could be correlated with the Zener—Hollomon parameter. The apparent activation
energy in this domain is estimated to be 210 kJ mol ~ !, which is close to that for self diffusion in . At temperatures around the
transus, a ductility peak with unusually high ductility has been observed, which has been attributed to the occurrence of transient
superplasticity of B in view of its fine grain size. The material exhibited flow instabilities at strain rates higher than about 1 s—!
and these are manifested as adiabatic shear bands in the a—P regime. Published by Elsevier Science S.A.

Keywords: Hot deformation behavior; Ti—-6Al1-4V; Equiaxed a—B microstructure

1. Introduction

Ti-6Al-4V (Ti-6-4) alloy is a two-phase alloy,
which has low density and attractive mechanical and
corrosion resistant properties that make it an ideal
choice for many aerospace applications [1]. It is com-
mercially available in two grades — low oxygen (ELI)
grade and high oxygen (commercial) grade. It is the
high oxygen grade that is widely used in gas turbine
engine parts, chemical reactors and bioengineering ap-
plications. The alloy may be heat treated [2] to obtain a
variety of microstructures ranging from B-transformed

* Corresponding author. Tel.: + 1-937-90444325; fax: + 1-937-
6567995.
E-mail address: william.frazier@afrl.af.mil (W.G. Frazier)

0921-5093/00/$ - see front matter Published by Elsevier Science S./t.).s
PII: S0921-5093(00)00741-3

(martensitic/lamellar) to equiaxed o—p. Bulk mechani-
cal processing of this material to manufacture semi-
products includes ingot breakdown at temperatures
above the B transus and ‘conversion’ of transformed p
lamellar structure into equiaxed o—B by subtransus
deformation [3-5]. The finishing operations for compo-
nent manufacture are generally conducted [6] on the
equiaxed structure in the a—p phase field during which
only minor changes in the microstructure take place.
One of the very common industrial processes used for
this purpose is superplastic forming, which requires
very fine grain sizes and slow speeds of deformation
[7,8]. The characteristics of superplastic deformation in
Ti-6-4 have been studied extensively in the literature
[9-14]. Although superplastic elongations have been
recorded by several investigators, there are reports of
cavity formation at higher strains and lower tempera-
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tures ( < 850°C) [12,15]. The constitutive behavior of
commercial grade Ti—6—4 during hot deformation in
the a—[ range has been characterized by Sheppard and
Norley in torsion [16] and Seetharaman et al. in com-
pression [17] and microstructural mechanisms have
been identified to be dynamic recrystallization (DRX)
and spheroidization respectively.

The objective of this study is to model the mi-
crostructural mechanisms of hot deformation of com-
mercial Ti-6-4 with an equiaxed a—[ microstructure
over a wide range of temperature and strain rate such
that windows for industrial processing may be iden-
tified for optimizing workability and controlling mi-
crostructure. To reach this objective, the characteristics
of the alloy have been studied in the temperature ranges
covering not only a—P and B phase fields but also the
transus. Likewise, a wide strain rate range that encom-
passes the speeds of commonly used machines in the
industry like hydraulic presses (slow), mechanical/fric-
tion screw presses and hammers (medium), continuous
rolling and ring rolling (fast) mills, is investigated.

Several approaches of materials modeling are in
vogue and these include analysis of shapes of stress—
strain curves [5], kinetic analysis [18], and processing
maps [19] and these have been reviewed recently [20].
Although all the approaches have been followed in this
paper, the emphasis has been on processing maps since
this approach has been found to be consistent in pre-
dicting the behavior of a wide range of materials [21].
In brief, the processing maps consist of a superimposi-
tion of power dissipation maps and instability maps
developed in a frame of temperature and strain rate.
The power dissipation maps represent the pattern in
which the power is dissipated by the material through
microstructural changes. The rate of this change is
given by a dimensionless parameter called the efficiency
of power dissipation:

Fig. 1. Starting microstructure of Ti—-6Al-4V used in this study.

36

2m '

T=m +1 M
where m is strain rate sensitivity of flow stress. Over
this frame is superimposed a continuum instability
criterion for identifying the regimes of flow instabilities,
developed on the basis of extremum principles of irre-
versible thermodynamics as applied to large plastic flow
[13] and given by:

0 In(m/m+ 1)
dlné

where £(8) is a dimensionless instability parameter and
¢ is the applied strain rate. Flow instabilities are pre-
dicted to occur when ¢£(é) becomes negative. The pro-
cessing maps exhibit domains in which specific
microstructural mechanisms operate as well as regimes
where there will be flow instabilities like adiabatic shear
bands or flow localization. '

¢@)= m<0 )

2. Materials and procedures
2.1. Material

Commercial grade Ti—6-4 having the following com-
position (wt.%) was used in this study: 6.28 Al, 3.97 V,
0.18 O, 0.052 Fe, 0.0062 N, 0.008 C, 0.0049 H, and
balance Ti. The B transus for this material is about
1010°C. As received bar stocks of 20 mm diameter in
the mill annealed condition were used for testing and
the starting microstructure is shown in Fig. 1. It con-
sisted of equiaxed o grains of about 8 yum average
diameter with a small amount of intergranular p.

2.2. Hot compression testing

Compression specimens of 15 mm height and 10 mm
diameter were machined for testing in the o + B range,
while larger specimens of 22.5 mm height and 15 mm
diameter were used to obtain an accurate measurement
of the flow stress in the B range. Concentric grooves of
0.5 mm depth were made on the top and bottom faces
of the specimens to trap lubricant and assist in reducing
friction. A 1-mm 45° chamfer was provided on the
specimen edges to avoid fold-over of the material dur-
ing the initial stages of compression. A small hole of 0.8
mm diameter and 5 mm depth was drilled at mid height
of the specimen for inserting a thermocouple which is
used to measure the actual temperature of the specimen
as well as adiabatic temperature rise, if any, during
testing. Isothermal hot compression tests were con-
ducted using a servohydraulic testing machine. A resis-
tance heating split furnace with SiC elements was used
to surround the platens and specimen. The specimens
were coated with a borosilicate glass paste for lubrica-
tion and environmental protection.
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Fig. 2. Flow curves obtained on Ti-6Al-4V deformed in compres-
sion at (a) 850°C and (b) 1100°C and at different strain rates.

The test matrix consisted of temperature range 750~
1100°C at an interval of 50°C and constant true strain
rates of 0.0003, 0.001, 0.01, 0.1, 1, 10 and 100 s—'. The
temperature of the specimen was monitored using a
chromel-alumel thermocouple inserted in the specimen
and isothermal condition was maintained within + 2°C
fluctuation. Adiabatic temperature rise (significant at
higher strain rates) was recorded using a transient
oscilloscope. The specimens were deformed to half the
height in each case to impose a true strain of 0.7 and
were air-cooled to room temperature after deformation.
Deformed specimens were sectioned parallel to the
compression axis and the cut surface was prepared for
metallographic examination using standard techniques.
The specimens were etched with Kroll’s reagent and
polarized light micrographs were recorded.

2.3. Flow stress data analysis

The load-stroke data obtained in compression were
processed to obtain true stress-true plastic strain curves
using the standard method. The flow stress data ob-
tained at different temperatures, strain rates and strains
were corrected for adiabatic temperature rise, if any, by
linear interpolation between log ¢ and 1/T where o is
the flow stress and T is the temperature in Kelvin. A

37

cubic spline fit between log o and logé was used to
obtain the strain rate sensitivity (m) as a function of
strain rate. This was repeated at different temperatures.
The efficiency of power dissipation () through mi-
crostructural changes was then calculated as a function
of temperature and strain rate using Eq. (1) and plotted
as an iso-efficiency contour map. The data were also
used to evaluate the flow instability parameter ¢(&)
using Eq. (2) as a function of temperature and strain
rate to develop an instability map.

2.4. Hot tensile testing

Hot tensile tests were conducted in the temperature
range 800-1100°C at a nominal strain rate of 0.01 s !
(constant actuator speed of 0.25 mm s ~!). Cylindrical
specimens of 25 mm gauge length and 4 mm diameter
were used for this purpose. The specimens were pulled
to fracture and total elongation as a function of tem-
perature was recorded.

3. Results and discussion

3.1. Stress—strain behavior

The shapes of stress—strain curves indicate some
features that help in identifying the mechanisms of hot
deformation, although not in a conclusive fashion.
Commercial Ti-6-4 with equiaxed o+ [ microstruc-
ture exhibited three different generic shapes of stress—
strain curves in the ranges of temperature and strain
rate covered in this investigation. Curves representing
these features are given Fig. 2a and b, which reveal the
following features:

1. At strain rates slower than 0.1 s~' and at all
temperatures including two phase o+ p as well as
single phase P phase fields, the curves were of
steady-state type. Such curves indicate that the
mechanisms of softening are sufficiently fast to bal-
ance the rate of work hardening and are suggestive
of mechanisms like dynamic recrystallization, super-
plasticity or dynamic recovery occurring at very
high rates. Further analysis of the flow stress data as
a function of temperature and strain rate, is re-
quired for arriving at the exact mechanism(s).

2. At higher strain rates (> 0.1 s~ ') in the o—p range
(< 1000°C) (Fig. 2a), the material exhibited a con-
tinuous flow softening behavior. Such a feature is
observed for globularization process of lamellar
structures, flow instability due to flow localization,
or micro-cracking during deformation. Since the
starting microstructure in the present case is not a
lamellar structure, the first possibility may be ruled
out. However detailed microstructural examination
is required to decide between the other two. This
aspect is discussed in detail subsequently.
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3. In the P range at high strain rates (>1 s~!),
oscillatory flow curves were observed (Fig. 2b) par-
ticularly at a strain rate of 10 s—'. Oscillations in
the stress—strain curves are indications of DRX
under certain conditions of strain rate and tempera-
ture, unstable deformation, or cracking. In this case
also, further analysis is required to arrive at the
actual mechanism that causes these stress—strain
features.

The flow stress data obtained at different temperatures,

strain rates and strains are given in Table 1.

3.2. Kinetic analysis

The temperature and strain rate dependence of flow
stress in hot deformation is generally expressed in terms
of a kinetic rate equation [18] given by:

Table 1
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é= Aoc"exp(— Q/RT) 3

where ¢, strain rate; o, flow stress; 4, frequency factor;
Q, apparent activation energy, R, gas constant, T,
temperature in Kelvin, and n, stress exponent. In order
to identify the mechanism(s) of hot deformation, the
kinetic parameters, n and Q in Eq. (3) are to be
evaluated. The variation of flow stress with strain rate
is shown in Fig. 3 on a log—log scale. The inverse of the
slope of this curve represents the stress exponent, .
From Fig. 3, it is seen that » is strain rate dependent
when considered over the entire range of strain rate
employed in this study. However, over a limited strain
rate range of 0.0003-0.01 s—! the kinetic rate equation
is obeyed and a linear fit is obtained at all the tempera-
tures. The (¢ + B) — B transus for this grade of Ti-6-4
is about 1010°C and so the kinetic parameters may be
evaluated separately in the two phase region (750-

Corrected flow stress values (in MPa) of CP Ti-6-4 with equiaxed a—pB preform microstructure as a function of temperature, strain rate and strain

Strain Strain rate (s 1) Temperature (°C)
750 800 850 900 950 1000 1050 1100
0.1 0.0003 109.0 60.9 395 20.1 14.1 7.3 6.2 5.4
0.001 166.3 93.4 60.7 31.1 19.8 10.5 7.5 6.1
0.010 273.5 182.5 125.9 75.1 36.0 21.0 15.2 12.2
0.100 3542 264.5 191.4 145.8 72.6 333 274 24.1
1.000 446.9 353.4 280.6 196.1 106.1 47.6 46.3 373
10.00 502.0 436.9 329.0 258.9 145.2 73.8 74.8 62.0
100.0 523.0 455.4 3727 298.4 188.6 106.7 81.1 73.3
0.2 0.0003 98.3 58.5 39.7 20.4 14.7 7.2 6.2 54
0.001 1534 87.6 58.2 29.9 18.9 10.1 7.7 6.4
0.010 261.0 173.0 119.1 71.2 349 20.8 15.8 12.9
0.100 342.3 249.1 180.9 137.2 70.1 333 28.4 25.2
1.000 434.2 340.0 269.2 190.1 103.7 50.2 48.8 39.0
10.00 497.1 431.1 325.8 257.2 142.1 74.9 729 61.6
100.0 547.0 469.1 380.8 307.5 196.9 116.5 89.8 79.9
0.3 0.0003 91.9 57.0 386 20.5 14.4 7.4 6.4 5.3
0.001 144.3 84.3 57.1 30.1 189 10.1 79 6.5
0.010 252.1 167.1 1153 68.9 343 20.6 16.1 133
0.100 330.2 236.6 173.8 130.0 67.8 335 29.3 25.8
1.000 416.2 3234 255.8 182.6 101.6 52.2 50.5 40.5
10.00 465.9 416.7 318.7 253.0 143.8 79.0 71.7 65.3
100.0 533.2 463.9 376.9 305.3 200.3 121.8 93.2 84.2
0.4 0.0003 87.1 54.5 384 20.5 14.2 7.6 6.4 5.3
0.001 134.8 81.6 55.9 30.6 18.9 9.8 8.1 6.7
0.010 242.1 161.3 112.1 67.1 335 20.2 16.3 134
0.100 3219 227.6 168.3 125.1 65.7 329 29.3 26.0
1.000 398.2 310.1 2434 175.5 98.7 53.7 51.1 40.9
10.00 454.7 403.8 309.5 244.9 139.0 81.1 78.0 67.3
100.0 5221 451.6 367.8 295.9 195.1 121.2 95.2 85.5
0.5 0.0003 83.8 - 54.5 39.2 20.8 14.0 7.7 6.5 5.3
0.001 129.6 79.2 55.8 30.9 18.7 9.7 8.2 6.8
0.010 233.7 156.2 108.6 65.6 327 20.1 16.3 13.4
0.100 321.3 223.6 164.3 122.3 64.5 325 29.5 26.1
1.000 403.1 311.9 237.0 169.7 95.1 54.0 51.7 41.2
10.00 458.2 403.8 297.3 236.7 135.9 80.5 79.7 68.3
100.0 513.2 436.0 349.1 274.3 184.2 116.9 92.0 83.1

38
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Fig. 3. Variation of flow stress of Ti~-6Al-4V with strain rate at
different temperatures.
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Fig. 4. Arrhenius plot showing the variation of flow stress with
inverse of temperature in the a-f regime of Ti—6Al-4V at different
strain rates.

950°C) and single phase B region (1000-1100°C). The
flow stress values are markedly different in these two
regions (Fig. 3).

In the a—p region, the value of stress exponent, n, is
estimated to be about 3.4 in the limited strain rate
range of 0.0003—0.01 s~'. The Arrhenius plot for esti-
mating the apparent activation energy for hot deforma-
tion in the two phase region is shown in Fig. 4. The
plot shows that very good correlation exists at lower
strain rates while at the strain rate of 0.01 s~ the data
at lower and higher temperatures have shown some
deviation. The apparent activation energy estimated
from this plot is ~ 330 kJ mol~!, which is in agree-
ment with the values reported in the literature
[3,9,10,16,17]. This value is much higher than that for
self diffusion in o-Ti (150 kJ mol ~') [22] ruling out the

possibility of diffusion in o phase being the rate con-
trolling process. It should be noted, however, that the B
volume fraction and o« grain size are not constant over
the experimental range and Eq. (3) does not include the
influence of these factors on deformation kinetics. Con-
tinuing the analysis on the basis of the kinetic rate
equation, the temperature compensated strain rate
parameter, Z, given by:

Z = ¢ exp(Q/RT) g C)}

is evaluated on the basis of the above apparent activa-
tion energy and plotted as a function of flow stress in
Fig. 5. The plot exhibits a good fit for the data and
confirms that the kinetic rate equation is obeyed in the
limited temperature and strain rate range being
considered.

The microstructures obtained on the specimens de-
formed under different temperature and- strain rate
conditions relevant to the above analysis are examined
and typical microstructures obtained at a strain rate of
0.0003 s—! and different temperatures, are shown in
Fig. 6a—d. From these microstructures, it is seen that
the o grain size as well as the § volume fraction has
increased with increasing temperature. The o grain size
variation is shown in Fig. 7 along with the variation of
B vol.% (B approach curve) estimated by Sastry et al.
[10]. From this plot, it may be noted that beyond
900°C, the B volume fraction increases rapidly from
about 40 to 100% at the transus and causes a steep
increase in the o grain size. The variation of the o grain
size with the Zener~Hollomon parameter is plotted in
Fig. 8. Such a correlation is useful in deciding the
mechanism of hot deformation, since a linear fit be-
tween these two is considered to be an indication of
DRX [18]. However, Fig. 8 exhibits a non-linear varia-
tion ruling out the occurrence of DRX. Nevertheless,
the plot is useful in predicting the « grain size for
various temperature-strain rate combinations.

28 T T T T T
Ti-6Al-4V: a-p Regime
24 t .
£
= 2+ -
£
o
o
16} b
3 [ ]
|
A + 850
12+ A 900 b
P 1 1 1 i 1
10 " 12 13 14 15

log(Z, s")

Fig. 5. Variation of flow stress with Zener—Hollomon parameter (Z)
in the a—p regime of Ti-6Al1-4V.
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Fig. 6. Microstructures of Ti—6Al1-4V specimens deformed in compression at a strain rate of 0.0003 s ~! and different temperatures: (2) 750°C;

(b) 800°C; (c) 850°C; and (d) 900°C.

In the B region, the value of the stress exponent, n, is
estimated to be ~ 3.6 and the Arrhenius plot is shown
in Fig. 9. The data fit at lower strain rates (< 0.0l s—1)
is very good while deviation is found at the strain rate
of 0.1 s~!, particularly at the lower temperature
(1000°C). The apparent activation energy estimated
from this plot is ~ 210 kJ mol ! which is close to that
for self diffusion in B (153 kJ mol~?) [23]. The value
estimated by Sheppard and Norley [16] (170 kJ mol ~ 1)
from hot torsion data is also in agreement with the
above values. The prior P grain sizes in the specimens
deformed under different temperatures in this region
and at different strain rates below 0.1 s—!, are mea-
sured and correlated with the Z parameter in Fig. 10.
The data for the deformation temperatures of 1050 and
1100°C have correlated well with the Z parameter while
those at 1000°C (close to transus) exhibited a shift
towards finer grain sizes. Thus, the analysis suggests
that at temperatures higher than 1050°C, the mecha-
nism of hot deformation in P is likely to be DRX, while
further analysis is required to understand the mecha-
nism at the transus.

40
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Fig. 7. Variation of o grain size with temperature of Ti-6Al-4V
specimens deformed at a strain rate of 0.0003 s~ '. Also plotted is the
variation of B volume fraction with temperature (B approach curve)
[10].
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Fig. 9. Arrhenius plot showing the variation of flow stress with
inverse temperature at different strain rates in the P range of Ti—
6A1-4V.

3.3. Processing maps

The power dissipation map obtained at a strain of 0.5
is shown in Fig. 11. The maps obtained at lower strains
exhibited similar features indicating that the processes
involved in hot working had very short transients and
are essentially of steady-state type. It may be noticed
that the iso-efficiency contours in the map exhibit a
distinct change in their curvature at about the transus
(1010°C). This feature is commonly observed in all
materials which show phase transformation including
precipitate dissolution [2]]. Although the transus is at
1010°C, it may be noted that the P volume fraction
exceeds 50% above a temperature of ~ 960°C (Fig. 7)
and hence the characteristics of B deformation may
dominate.

The map exhibits two domains — one in the a-J
temperature range and the other in the P range, both
being in the lower strain rate regime. Other than these
two domains, all contours with efficiency values lower
than about 39% indicate a transient behavior where no
stable microstructural mechanism occurs. The mi-
crostructural characteristics of the processes occurring
in these domains are discussed below.

3.3.1. Domain in the oa—f range

The domain occurs in the temperature range 750-
950°C and at strain rates below about 0.002 s ~' with a
peak efficiency of ~ 55% at about §25°C and 0.0003

T T T T T
26 Ti-6Al-4V: B Regime g
T,°C
24+ 1000 b
1050
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E 22} 1
E
g ]
B/) 2
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18t h
16 ~ 9 1
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Fig. 10. Variation of prior B grain size (d,;) with Zener~Hollomon
parameter (Z) in the P range of Ti-6Al-4V.
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Fig. 1. Power dissipation efficiency map obtained on Ti-6Al-4V at
a strain of 0.5. Contour numbers represent per cent efficiency of
power dissipation.
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Fig. 12. Variation of tensile ductility at a nominal strain rate of 0.01
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s ~!. The domain appears to extend to lower tempera-
tures and strain rates and may reach even higher peak
efficiency values. A similar domain has been recorded
by Seetharaman et al. [17] on commercial Ti-6-4 with
an average o grain size of ~ 25 um. Efficiency values as
high as 55-60% indicate superplastic deformation pro-
cess since the strain rate sensitivities associated with this
efficiency range are about 0.4-0.5. On the other hand,
the characteristic efficiency for DRX in o-Ti is only
about 43% (m =~0.27) [21]. The occurrence of super-
plasticity is best confirmed by tensile ductility measure-
ments. The variation of tensile ductility with
temperature at a nominal strain rate of 0.01 s—! (true
strain rate will be much lower) is shown in Fig. 12. A
high ductility value of about 200% has been recorded at
850°C. At lower strain rates (10~* s—"), ductilities as
high as 800% have been recorded on this material [7].
Thus the domain represents the process of superplastic-
ity. The steady state stress—strain curves in this regime
(Fig. 2a) are in support of this mechanism.

On the basis of the above ductility variation features
and the change in the volume fraction of B with temper-
ature, the mechanism of superplasticity in this material
may be deduced. Superplasticity involves sliding of
grain boundaries with simultaneous relaxation of the
stresses generated at the grain boundary triple junctions
by processes involving diffusional flow or plastic defor-

mation. At the temperature of peak efficiency in the -

domain (825°C), the volume fraction of B is about 20%
and this low value of B content permits many o-—o
interfaces to slide during hot deformation of the two
phase alloy. Whether such a sliding leads to superplas-
ticity or wedge cracking is decided by the relaxation
processes occurring at the triple junctions. It may be
noted that the P phase is present essentially at the triple
junctions and is in fact responsible for arresting the
grain growth in this material, which is another impor-
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tant requirement for superplasticity. Thus, the deforma-
tion behavior of B phase at the triple junctions will be
the controlling factor for achieving superplasticity. At
high temperatures, § may exhibit several processes that
would help to relax the stress concentration and these
include dynamic recovery involving thermally activated
cross-slip, or DRX, or diffusional creep. The apparent
activation energy estimated in the domain (330 kJ
mol ~') is much higher than that for self diffusion in B
(153 kJ mol ~!) ruling out the possibility for the occur-
rence of diffusional creep or DRX (since DRX in B of
Ti-6-4 is controlled by the rate of diffusion as shown
in the previous section). It may be therefore deduced
that dynamic recovery of B by cross-slip is the rate
controlling step for superplasticity in this alloy. In B
titanium alloys, the apparent activation energy for de-
formation in a similar temperature range is estimated to
be about 294 kJ mol~! [24] and the mechanism has
been identified to be dynamic recovery by cross-slip.
These results are in support of the present conclusion
regarding the relaxation mechanism chosen by the P
phase at the triple junctions

Referring to the ductility variation with temperature

(Fig. 12), a sharp drop in ductility occurs in the temper-

ature range 850-950°C when the B volume fraction
increases from about 20 to 60%. This observation is in
good agreement with the results reported in the litera-
ture [25,26] and the near equal volume fraction rule [27]
commonly cited for achieving highest ductility due to
superplasticity does not seem to be valid. This ductility
drop may be attributed to an increase in the o—p
interfaces which do not slide easily in view of the
mismatch in their individual deformation characteris-
tics. Therefore, the volume fraction of B is very critical
for superplasticity since a smaller amount ( ~ 20%).is
essential for maintaining a stable fine grained structure
while a higher volume fraction will increase the undesir-
able o~ boundaries.

The processing window for superplastic deformation
as indicated in the map consists of a temperature range
750-900°C and strain rate range 0.0003-0.002 s~ . It
is in these ranges that the kinetic rate equation is
obeyed very well, as is expected of any deterministic
domain. In an industrial practice, highest possible
strain rates and lowest possible flow stresses (highest
possible temperatures) are preferred from productivity
view point. Also, in the lower temperature side of the
domain, the superplasticity process is known to result
in grain boundary cavitation, particularly at very large
strains [12] and a tensile state of stress. These aspects
must be kept in mind while designing the processes
involving superplasticity.

3.3.2. Domain in the f range
The map (Fig. 11) exhibits a domain in the B phase
field in the temperature range 1050—1100°C and strain
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rate range 0.001-0.1 s~! with a peak efficiency of
about 45% at 1100°C/0.01 s~ !. The domain does not
appear to be fully developed and may expand beyond
1100°C. The kinetic considerations discussed before are
in support of DRX process in this domain. The mi-
crostructure recorded on a specimen deformed at
1100°C/0.01 s ! is shown in Fig. 13. Although cooling
across the transus destroys the deformation features,
some signatures of DRX like curved prior B boundaries
are noticeable. The prior B grain size (d,5) in this
domain may be related to the Z parameter (Fig. 10)
according to equation:

108(d,) = 3.2 — 0.16 log(Z) )

It is interesting to consider the behavior of the material
near the transus. While the map indicated only a tran-
sient behavior, the ductility measurements (Fig. 12)
revealed a peak with a high value of 125% suggesting
the possibility of B superplasticity. It may be noted that

Fig. 13. Microstructure of Ti—6Al-4V specimen deformed in com-
pression at 1100°C and 0.01 s 1.
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Fig. 14. Variation of prior § grain size with strain rate of Ti-6Al-4V
specimens deformed at 1000°C.
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Fig. 15. Instability map obtained on Ti—6Al-4V at a strain of 0.5.
Contour numbers represent the value of instability parameter given
by Eq. (2). The deformation conditions under which deformed speci-
mens exhibited flow instabilities are indicated by bullets.

the ductility increases with temperature beyond about
950°C and the volume fraction of B increases beyond
~ 70%, thus providing higher B—B boundary popula-
tion for sliding. Further, the kinetic analysis has shown
that the prior B grain size versus Z relation (Fig. 10)
has moved towards finer grain sizes in comparison with
that in the B DRX region. It is important to consider
the variation of prior B grain size near the transus
(1000°C) as a function of strain rate and this is shown
in Fig. 14. While the prior B grain size is smaller and
not significantly varying at strain rates higher than 0.01
s~ !, there is considerable grain growth at lower strain
rates. Thus, the transient superplasticity of B may be
specific to a strain rate of about 0.01 s~ as is used in
the tensile testing since superplasticity will be reduced
at lower strain rates due to grain growth and at higher
strain rates due to a lower rate of grain boundary
sliding.

3.3.3. Flow instabilities

The instability map obtained for Ti-6-4 exhibiting
contours of the instability parameter ¢(¢) (Eq. (2)) at a
strain of 0.5 is shown in Fig. 15. The criterion predicts
a large regime of flow instability at strain rates higher
than 1 s~! in the entire test temperature range. These
predictions are validated with microstructural observa-
tions in the a—f regime. The macro and micrographs
recorded on a specimen deformed at 750°C/100 s ~! are
shown in Fig. 16. These exhibit flow localization bands
formed at an angle of about 45° to the compression
axis. The macrographs of the specimens deformed at
different conditions in the instability regime are shown
in Fig. 17a-d. These indicate that the bands become
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diffused with increasing temperature and decreasing
strain rates. The formation of these bands may be
attributed to the adiabatic conditions created during
deformation and the low thermal conductivity of Ti-
6—4. The microstructural features of flow instability
described above fully validate the continuum criterion
given by Eq. (2).

The instability features in the B regime could not be
captured in the microstructures of deformed specimens
because of the phase transformation that occurs during
cooling. However, the stress—strain curves in this
regime (Fig. 2b) exhibited oscillations which are also
signatures of flow instabilities [21].

4. Conclusions

Hot deformation behavior of a commercial grade
Ti—6-4 with an equiaxed o—~f starting microstructure
is characterized with the help of isothermal compres-
sion tests in the temperature range 750-1100°C and
strain rate range 0.0003-100 s~!. The data are ana-
lyzed with the help of available materials models and
the following conclusions are drawn from this study:

Fig. 16. (a) Macro and (b) microstructure of Ti~-6Al-4V specimen
deformed at 750°C and 100 s~!. The compression axis is vertical.
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2 mm

Fig. 17. Macrostructures of Ti-6A1-4V specimens deformed in the
flow instability regime: (a) 750°C/1 s~ !; (b) 750°C/10 s —*; (c) 800°C/
100 s—'; and (d) 850°C/100 s —!. The compression axis is vertical.

(1) The material exhibits fine-grained superplasticity
in the temperature range 750-950°C and strain rates
slower than 0.002 s~ '. The apparent activation energy
estimated for this process is ~ 330 kJ mol~! which
suggests that dynamic recovery of grain boundary B is
the rate-controlling step.

(2) The B phase undergoes DRX at higher tempera-
tures (> 1050 C) and the apparent activation energy
for B-DRX (210 kJ mol —') is close to that for self-dif-
fusion in f.
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(3) At the transus, a high ductility is observed at a
nominal strain rate of 0.01 s ~! and this is attributed to
the occurrence of a transient superplasticity mechanism
of fine-grained P phase.

(4) The material exhibits a wide regime of flow insta-
bilities at strain rates higher than 0.1 s—! These are
manifested as adiabatic shear bands in the o—p range
and must be avoided for obtaining microstructural
control.
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PROCESSING

Improvements in processing
Ti-6Al-4V can have a significant
impact on manufacturing costs.
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mong all titanium alloys, Ti-6Al-4V is
the most widely used and accounts for
~ more than 50% of all applications, in-
~cluding aerospace, automotive, energy,
marine, chemical, prosthetics, and sports. In aero-
space, it accounts for critical components ranging
from bulkheads, wing spars, and skin (airframe),
to compressor disks and blades (engine), and panels
and gas bottles (plate and sheet components). For
example, 36% of the weight of the U.S. Air Force F-
22 Raptor fighter aircraft consists of Ti-6Al-4V.
Therefore, any innovation in the design and opti-
mization of manufacturing processes for Ti-6Al-4V
components will help in achieving a large overall
cost saving.

The key to innovation is in achieving a thorough
understanding of its microstructural response
through effective materials models. This article sum-
marizes some of the recent developments in the
area of titanium processing that have helped in the
design and optimization of hot working processes
for Ti-6Al-4V.

Titanium grades

Ti-6Al-4V material is marketed in two inter-
stitial grades, the essential difference being the
oxygen content. The commercial grade has an
oxygen content in the range 0.16 to 0.20 wt.%, and
the extra low interstitial (ELI) grade has 0.1 to 0.13
wt.%. In the ELI grade, the aluminum content is

*Member of ASM International
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Fig. 1 — Comparison of room temperature mechanical properties of T-6 Al-4V: (a)
Commercial vs. ELI grade (b) transformed beta vs. equiaxed (os+B) starting micro-
structure. (YS, yield strength; UTS, ultimate tensile strength; EL, elongation; RA, re-
duction in area; Ky, fracture toughness; FL, fatzgue life taken as the cycles to crack
initiation; CS, creep strength.)

kept slightly lower than in the commercial grade.
Room temperature mechanical properties for the
two grades are compared in Fig. 1(a). The com-
mercial grade has a higher strength and slightly
lower ductility than the ELI grade, while the frac-
ture toughness of ELI material is higher by about
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Fig. 2 — Thermomechanical processing steps and resulting
microstructures in the manufacture of Ti-6Al-4V semi-products
and components. (VAR: Vacuum Arc Remelting, VIM:
Vacuum Induction Melting)

25%. Thus, the ELI grade is preferred for applica-
tions such as bulkheads in fighter aircraft, where
damage tolerance is a critical requirement. For other
applications, and where tensile strength is the de-
sign criterion, the commercial grade is generally
the choice.

Ti-6Al-4V is a near-a: alloy and has a two-phase
(0+B) microstructure. The temperature at which
(o+P) transforms to f (B transus) depends on the
interstitial grade, because oxygen acts as an a sta-
bilizer. The transus is important not only for me-
chanical working, but also for heat treatment of this
alloy. The transus is about 1010 to 1020°C (1850 to
1870°F) for the commercial grade and about 970 to
980°C (1780 to 1800°F) for the ELI grade.

The alloy may be thermomechanically treated to
develop microstructures ranging from acicular or
lamellar (called transformed ) at one extreme, to
equiaxed (o:+B) at the other. The mechanical prop-
erties of these extremes are compared in Fig. 1(b).
While the tensile strength is not significantly dif-
ferent for the two microstructures, the equiaxed
(o+P) has twice the ductility and fatigue life. As a
result, the equiaxed (o+B) microstructure is pre-
ferred for rotating components such as compressor
disks, where resistance to low cycle fatigue is crit-
ical. However, the transformed B microstructure
has better fracture toughness and higher-temper-
ature creep strength.

Thermomechanical processing

The steps involved in the thermomechanical pro-
cessing of Ti-6Al-4V alloy are shown schematically
in Fig. 2.

® The primary step of deforming the as-cast ingots

consistS®Pmechanical working at temperatures
above the B transus. It involves upset forging, side
pressing, and cogging operations, which are all
slow-speed processes. However, they help achieve
chemical homogeneity, and they break the as-cast
microstructure (transformed ).

® Beta processing followed by faster cooling rates in-
cluding air cooling results in an acicular or Wid-
manstatten (lamellar) microstructure with a thin o
layer at the prior B boundaries. It is preferred that
the prior P grain size not exceed 100 to 200 um and
that the thickness of the o layer be less than about 5
um. To reduce the prior B grain size, the general
practice is to insert a few steps of cogging in the
(a+P) phase field in the overall B processing
schedule, and to lower the temperature of the final
B processing step. However, recent studies have in-
dicated that reducing the prior P grain size does
not offer much benefit in hot working. '

* Secondary processing involves several steps of
cogging in the two-phase region, followed by a ho-
mogenization treatment such that the transformed
B microstructure is fully converted to a very fine -
grained equiaxed (o+f3) through a process of “glob-
ularization.” Thermomechanical processing routes
for component manufacture consist of B forging
and heat treatment or (0+f) forging, followed by a
stress relief anneal.

Thus, transformed B and equiaxed (o+f) pre-
form (or starting) microstructures are critical to pro-
cessing because of their different responses to de-
formation and heat treatment. Therefore, control
of microstructure is of the essence during indus-
trial processing, because product properties and
the acceptability of the semi-products depend upon
producing defect-free material with a close control
of grain size.

The evolution of the microstructure during hot
working depends not only on the response of the
material to the imposed processing parameters
(temperature, strain rate, and strain), but also on
the “history” of the material (chemistry and starting
microstructure). This aspect is generally covered
by studies of the constitutive behavior of the ma-
terial and is explicitly analyzed by materials models.

Processing maps

One of the recent methods of materials modeling
that directly addresses the issues of design and op-
timization in hot working is the approach of pro-
cessing maps. Developed on the basis of flow stress
data over wide ranges of temperature, strain rate,
and strain, the processing map depicts domains of
“safe” microstructural processes as well as dele-
terious regimes. The safe and preferred mechanisms
are dynamic recrystallization, superplasticity, glob-
ularization, and dynamic recovery.

Regimes to be avoided are void formation,
wedge or grain boundary cracking, adiabatic shear
band formation, and flow localization. From the
processing maps, it is possible not only to arrive at
conditions for optimizing hot workability, but also
to design the processing sequence based on the lim-
iting conditions for the onset of defect-generating
mechanisms or flow instabilities.
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Commercial grade

The temperature-strain rate regimes representing
the various microstructural processes in the hot de-
formation of commercial grade Ti-6Al-4V with
transformed B (lamellar) starting microstructure are
shown in Fig. 3, as revealed by its processing map.
This map suggests that microstructural conversion
through cogging is best done in the globularization
domain, for which the optimum temperature is
960°C (1760°F) and the strain rate is 10°/s (hy-
draulic press). The highest strain rate limit for this
mechanism is about 102 /s, because at faster strain
rates, deleterious microstructures consisting of ei-
ther adiabatic shear bands (at lower temperatures)
or lamellae kinking (at higher temperatures) will
result in the billet.

Likewise, the lower temperature limits are set by
the occurrence of prior § boundary cracking, and
higher temperature limits are set by the transus.
Since the surface layers of the ingot are cooled
during the cogging operation, adhering to the lower
temperature limit is of particular importance in this
case. Otherwise, strain induced porosity (SIP) will
develop in the surface layers, manifested as wedge
cracks at triple junctions of prior  boundaries. This
type of SIP may be avoided by introducing suitable
resoaking cycles during sequential cogging. How-
ever, cogging at temperatures higher than the op-
timum (960°C, 1760°F) results in a larger o grain
size and a lower primary o. content.

The microstructural response of Ti-6Al-4V to hot
deformation changes considerably when the pre-
form microstructure is equiaxed (o+,) as seen from
the map in Fig. 4. Unlike the transformed B pre-
form, the map does not exhibit globularization,
prior B boundary cracking, or lamellae kinking. In-
stead, these are replaced by a domain of super-
plasticity at lower strain rates and a wide regime
of dynamic recovery at intermediate strain rates.

The regime of adiabatic shear banding is not sig-
nificantly different. Superplastic forming of Ti-6Al-
4V is a well established manufacturing process for

making complex shapes and is often coupled with . .

diffusion bonding in the case of sheet metal com-
ponents. The optimum processing parameters for
superplastic forming are a temperature of 825°C
(1520°F), and strain rates less than 10 /s. In view of
the slower strain rates, component manufacture is
time consuming and also expensive, since it has to
be done under isothermal conditions (i.e. the dies
are at the same temperature as the workpiece). The
elongation in the superplasticity domain is very
sensitive to temperature, strain rate, and the grain
size. In particular, the temperature range in which
the elongation reaches a peak is very narrow and
demands close control around the optimum.

The material is sensitive to temperature because
of the critical requirement that the B volume frac-
tion be about 25% for optimum superplasticity. This
differs from conventional o+ alloys such as the
Zn-Al system, in which a 50:50 ratio is considered
ideal. Furthermore, although superplasticity
enables abnormal elongations, paradoxically
the process generates cavitation at large strains,
and needs close control of the state of stress
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Fig. 3 — Processing map for hot working of commercial grade Ti-6 Al-4V with
transformed B starting microstructure illustrating microstructurally “safe” and
damage mechanisms. Microstructures: Bottom left — prior B boundary cracking;
bottom right — globularization; top left — adiabatic shear band cracking; top right —
lamellae kinking.
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Fig. 4 — Processing map for hot working of commercial grade Ti-6Al-4V with
equiaxed (o) starting microstructure.

in the deformation zone to minimize damage.
Because of the slow speeds of forming, super-

plasticity is not commerdially viable except for high-

valug,gsmall-lot production, such as those for aero-
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space cJ®ponents. Alternatively, Ti-6Al-4V com-
ponents may be forged at higher speeds by friction
screw or mechanical presses under non-isothermal
conditions (hot-die forging); and flat products may
be manufactured by hot rolling. These are in the
regime of dynamic recovery (Fig. 4), and may be
called “transient” processes. In such a regime, it is
difficult to optimize hot workability. However,
higher strain rates are preferred for increased pro-
ductivity, and the limit is set by a value of strain
rate that does not cause adiabatic shear band for-
mation. As seen in Fig. 4, the higher strain rate limit
may be extended further by increasing the defor-
mation temperature up to about 950°C (1740°F).
Following deformation processing in this regime,
the material is mill annealed in the two-phase re-
gion to soften the material and relieve residual
stresses.

Extra-low interstitial grade

Ironically, the ELI grade is more difficult to
process. This is clear from the processing map
shown in Fig. 5, which corresponds to the trans-
formed B preform structure. The optimum hot
working parameters for (o) cogging of this ma-
terial are 925°C and 0.001/s. The optimum tem-
perature is lower than that for the commercial grade
by about 35 to 40°C (63 to 72°F), which is nearly the
difference in their transus. Unlike that for the com-
mercial grade, the map exhibits additional regimes
of void nucleation near the transus and large-
grained superplasticity of . The implication of the
void nucleation process near the transus is that it
puts an upper limit to the cogging temperature, the
lower limit being the temperature for the onset of
prior B boundary cracking.

Further, if the ELI grade is cogged under condi-
tions similar to the commercial grade (at 960°C,
1760°F), void nucleation develops in the mid-plane
region where the temperature is close to its transus.

-The void nuclei grow during the resoaking period

under a state of residual tensile stress existing at
the mid-plane of the cogged billet. The void popu-
lation is multiplied during repeated cogging and
resoaking steps, and will render the semi-product
unacceptable for further processing. These voids
are the second type of SIP essentially within the
prior B grains, and are mostly located at the triple
junctions of Widmanstatten colonies.

Therefore, the temperature limits set by the two-
defect-generation processes require that the tem-
perature at the surface of the ingot be higher to
avoid prior B boundary cracking, and lower at the
mid-plane to prevent void nucleation.

One of the ways to satisfy this requirement is to
design temperature-differential cogging, in which
the heating and resoaking cycles are controlled to
maintain the differential until the process is com-
pleted. A typical cogging cycle with the above cri-
terion is shown in Fig. 6, which optimizes the time
of soaking and resoaking such that SIP is mitigated,
while cutting the total processing time to an extent
of about 40%.

Equiaxed (o+p) of the EL] grade has a hot de-
formation behavior similar to that of the commercial
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tions of its flow instability!. 7. This type is not
encountered at conventional processing speeds.
Although the above information pertains to only
two standard preform microstructures encountered
in the processing of Ti-6Al-4V, the material has
a high potential for a large variety of preform
microstructures, some of which may be of direct
benefit to the processing industry. Research is under
way at the Materials and Manufacturing Directorate
of WPAFB for inventing newer preform micro-
structures that would help in designing faster and
more affordable processes for manufacturing su-
perior quality products in Ti-6Al-4V. [

Fig. 7 — Macrostructure of ELITi-6. 'V extruded at high ~ For more information: Steve Madeiros, Materials and
speeds (140 inch/min) and an extrusion -tio of 15:1. Billet  Manufacturing Directorate, Air Force Research Labora-
temperature is 1010°C (corrected temperature: 1060°C), and it tory, Wright-Patterson Air Force Base, OH 45433; tel:
exhibits flow localization bands manifesting instability in 8. 937 /904-4324; e-mail: Steve.Medeiros@wpafb.af.mil.
The extrusion direction is horizontal.

grade, except that the regimes move to lower tem-
peratures in accordance with the lowering of the
transus. Also, B processing is not normally a
problem, because the material is soft and requires
low press loads. Finer prior B grain size may be
achieved by working at lower temperatures in the
p range and/or higher strain rates. However, if
processed rapidly at speeds corresponding to strain
rates higher than 10/s (such as extrusion), the
phase exhibits adiabatic shear bands as manifesta-
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Abstract

The microstructural changes that occur during hot deformation of Ti-6Al-4V
alloy with P transformed (B,) and equiaxed o+ ((ce+f),) starting microstructures
have been modeled in the temperature range 750-1100°C and strain rate range
0.0003-10 s*. The stress-strain behavior, the kinetic parameters, and the processing
maps have been compared for these two preforms with a view to evaluate the
mechanisms of hot deformation and to establish correlations between the
microstructural changes and the process parameters. The B, preform exhibits
continuous flow softening behavior below the transus (o.-B range) and is harder
than the (o+f), preform. In the P range, the stress-strain curves were of steady-
state type except at the highest strain rate where oscillations have been observed.
In the o-B range, the apparent activation energies for hot deformation are 455 and
330 kJ/mole for the [B,and (cu+p)_ preforms respectively and the stress exponents
are similar. In the P range, the apparent activation energy is in the range 172-210
kJ/mole which is close to that for self diffusion in B titanium. The grain size variation
with temperature and strain rate could be correlated with the Zener-Hollomon (Z)
parameter. Deformed at slow strain rates in the two phase range, the [3l preform
undergoes a microstructural conversion by the process of globularization of lamellar
colony structure. The optimum parameters for globularization are 960°C/0.0003 s™.
The size of globules is not dependent on strain but on temperature and strain rate
of deformation and could be correlated with Z. The (c:+B), preform, on the other
hand, deforms superplastically and the optimum processing parameters are 825°C/
0.0003 s™'. In this domain, the variation of o grain size with Z is linear on a log-log
scale. The processing windows are similar in both the preforms except at the lower
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temperature limit which is higher for the §, preform by about 100°C than the (a+8),
preform. The P phase undergoes dynamic recrystallization irrespective of the preform
structure and the resulting grain size is dependent on the Z parameter. Both the
preforms exhibit flow instabilities when deformed in the two phase range at higher
strain rates and these are manifested as adiabatic shear bands causing flow

localization.

1.0 Introduction

Manufacturing of Ti-6Al-4V (Ti-6-4)
components involves two major
deformation processing steps. These
include cogging/extrusion of as-cast
ingots with a [ transformed lamellar
microstructure (hereafter referred to as 3,
preform) to “convert” it into an equiaxed
o+f structure (hereafter referred to as
(0+B), preform) and forging of equiaxed
microstructure into component shapes.
There is also an intermediate anneal which
essentially ensures that the converted
microstructure is homogeneous. The
response of the material to each hot
deformation step is different since the
starting microstructures are different. In
order to design a manufacturing process
for controlled workability as well as
microstructural evolution, it is necessary to
know the constitutive behavior of the
material with these two different starting
microstructures so that “safe” processing
windows can be established. Further, it
would be valuable to quantitatively predict
some of the microstructural features as a
function of process parameters such that
the microstructure can be incorporated
into the process models. The aim of the
present investigation is to develop
microstructural models specific for two
different preforms in a manner that is
compatible with their use in conjunction

with other process models like finite
element methods and heat transfer
models.

Considerable work has been done on
the constitutive behavior of B, preform of
commercial Ti-6-4 during hot working
(1-8), and the mechanism of importance
was globularization of lamellar structure.
While Semiatin et al.(4) attempted to
relate the kinetics of globularization to the
plastic strain in the specimen,
Seshacharyulu et al. (8) established a
correlation between the size of the
globules with temperature and strain rate
through the Zener-Hollomon (Z)
parameter. Both these studies identified
the conditions for the formation of wedge
cracks during hot working of this material
where Semiatin and coworkers (5,6)
developed plasticity controlled cavity
growth and coalescence models to
correlate crack formation with strain. On
the other hand, Seshacharyulu et al. (8)
evaluated the processing limits for
globularization by taking into consideration
the onset of wedge cracking at lower
temperatures and flow localization at higher
strain rates, in addition to the prediction of
optimum processing conditions. As
regards the behavior of (a+8) preform,
the occurrence of superplasticity in the -
B range has been established by a number
of investigators (9-13). Considerable
effort has also gone into the study of the
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nature of cavitation and its control during
superplastic forming (14-16). The
emphasis in the majority of the above
investigations has been deformation in the
o-pB phase field. However, it was
recognized (17) that B deformation
mechanisms are also of interest, not only
for optimizing the workability in the B
range but also for understanding the
behavior of the alloy when the
deformation temperature is close to the
transus.

In this paper, the constitutive
responses of the 3, and the (0+B)_starting
microstructures are evaluated and
-compared with a view to model the
microstructural evolution during hot
working. For this purpose, the stress-strain
behavior, the kinetic parameters, the
processing maps, the globule/grain size
variations and the tensile ductility are
considered in detail.

2.0 Experimental

Ti-6-4 having the following
composition (wt.%) was used in this
study: 6.28 Al,3.97 V, 0.18 O, 0.052 Fe,
0.0062 N, 0.008 C, 0.0049 H, balance Ti.
As-received 20 mm diameter bars in the
mill annealed condition possessed an
(o+B), microstructure. In order to obtain
B, starting microstructure these bars were
B solution treated at 1050°C for 1 hour
and air-cooled.

Isothermal, constant true strain rate
compression tests were conducted using
a servohydraulic testing machine over the
temperature range 750-1100°C in 50°C
intervals and at constant strain rates
3 x 10% 103, 102, 10, 10° and 10's™.

Additional tests were conducted at 10? s*
on (o+), preform. Specimens of 15 mm
heightand 10 mm diameter were used for
testing in the o-P range while larger
specimens of 22.5 mm height and 15 mm
diameter were used for accurate flow stress .
measurements in the P range. All specimens
were coated with a borosilicate glass paste
for lubrication and environmental
protection. They were soaked for 10 minutes
atthe test temperatures and deformed to half
the height in each case to impose a true
strain of about 0.6 and were air-cooled to
room temperature after deformation. The
resulting load-stroke data were evaluated
to obtain true stress-true plastic strain
curves using the standard method.
Deformed specimens were sectioned
parallel to the compression axis and the cut
surface was prepared for metallographic
examination. The specimens were etched
with Kroll’s reagent and polarized light
micrographs were recorded.

Hot tensile tests were conducted in
the temperature range 800-1100°C at a

- nominal strain rate of 0.01 s* (constant

actuator speed of 0.25 mms™).
Cylindrical specimens of 25 mm gauge
length and 4 mm gauge diameter were
used for this purpose. The specimens were
pulled to fracture and total elongation as
a function of temperature was-recorded.

3.0 Results and Discussion

3.1 Initial Microstructure

The starting microstructure of the B,
preform is shown in Figure la and it
consists of large prior f grains of average
size of ~200 pm separated by an o layer
of 5 um thick at the grain boundary.
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Figure1:  Starting microstructures of Ti-6A1-4V used in this study: (a) B, preform and
(b) (a+P), preform.

584

54



Microstructural Modeling and Process Control

Widmanstitten colonies of lamellar (ot+B)
with different orientations are present
within these prior B grains. The (a+B),
starting microstructure is shown in
Figurelb and it has an average a grain
size of about 8 pm and a  volume fraction
of about 10%. The B phase is present
mostly at the grain boundary triple
junctions. The (a+B)—p transformation
temperature (B transus) for this material
is about 1010°C.

3.2 Stress-Strain Behavior
The true stress-true plastic strain
curves obtained in compression at 850°C
_on B, preform and (o+B)_ preform are
“shown in Figure 2a, and these are
representative of the deformation
behavior in the o-B temperature range. All
the curves for the B, preform exhibit flow
softening while in the case of (a+P),
preform, only those obtained above a strain
rate of above 0.1 s show flow softening.
At lower strain rates (<0.01 s™), the (a+f3),
preform deforms in a steady-state manner
unlike the B, preform which flow-softens
to reach a steady state asymptotically
close to that observed in the equiaxed
structure at higher strains. At all strain rates,
the flow stress for the B, preform is higher
than that for the (a-+3)_ preform. In titanium
alloys, flow softening type stress-strain
curves indicate a process of globularization
of the lamellar microstructure and in the
absence of lamellar structure in the preform,
flow localization is expected to occur in the
material. Thus, the flow behaviors
observed in the two preforms suggest that
globularization occurs at slow strain rates
‘in the B, preform while at higher strain
rates, both the preforms are likely to

exhibit flow localization. It may be
mentioned here that the flow localization
process causes instability of plastic flow
and is undesirable for processing.

The stress-strain curves obtained at
1100°C are shown in Figure 2b and these
are representative of the B phase behavior.
Figure 2b shows that the two preforms
behave in an identical manner in the B
range. This similarity can be attributed to
the all B microstructure in both the
preforms above the B transus. At lower
strain rates (<0.1 s™), the curves are of
steady-state type while at higher strain
rates they exhibited low rates of work
hardening associated sometimes with
oscillations (e.g. at 10 s*). The steady-
state curves indicate that softening is
occurring sufficiently fast to balance work
hardening and the oscillations suggest
either dynamic recrystallization (DRX) or
flow instability. The curves obtained at
1000°C are shown in Figure 2¢ which is
similar to those in Figure 2b indicating that
the deformation near the transus is governed
essentially by the B behavior.

The above results show that the shapes
of stress-strain curves are necessary
indications of some microstructural
mechanisms occurring during hot
deformation, but they are not sufficient to
predict them definitely. Further analysis of
the temperature and strain rate dependency
of flow stress is required for this purpose.
A comparison of the flow behaviors of
two preform structures reveals that
sufficient differences exist that warrants
detailed analysis.

3.3 Kinetic Analysis
The flow stress data as a function of
temperature, strain rate, and strain for the
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Figure 2:  Compressive flow curves as a function of strain rate for Ti-6Al-4V in the
(a) a-P range (850°C), (b) B range (1100°C), and (c) near transus (1000°C).
[Please see (c) in next page].
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two preforms are given elsewhere (8, 17).

These data can be used for process design

and control in two different ways:

(i) as constitutive equations in the finite
element analysis of metalworking
processes, and

(ii) to evaluate the mechanisms of hot
deformation either conventionally by
using kinetic analysis or more
recently by developing processing
maps as discussed subsequently.

In the kinetic analysis, the steady state
flow stress (o) is related to the
temperature and the strain rate (£€) of
deformation by a rate equation (18):

¢ = Ac" exp(-Q/ RT) (1)

where A: constant, n: stress exponent,
Q: activation energy, R: gas constant, and

True Plastic Strain

Continued.

T: the absolute temperature. It has been
observed that when considered over a
wide range of strain rate, the stress
exponent, n, is strain rate dependent (17)
and hence the applicability of eq.(1) is
limited to a narrow range of strain rate.
In view of this, strain rate ranges of
3 x 104102 s"and 3 x 104-10" s’ have
been chosen for calculating the stress
exponent values in the o-B and the  range
respectively. The values of n are ~3.4 for
the a-B range and ~3.6 for the P range
which are not significantly different in the
two preforms. Arrhenius plots showing the
variation of flow stress with temperature
are given in Figure 3 from which the
apparent activation energy values have
been estimated in the a-B and P
ranges: 455 kJ/mole for the B, preform and
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Figure 3: Arrhenius plots showing the variation of flow stress (o) with inverse of

temperature (7) in the o-B and B ranges of Ti-6Al-4V.

330 kJ/mole for the (a+p), preform.
Neither of these are comparable to that
for self diffusion in a titanium (150 kJ/
mole) (19). In the B range, however the
values are 172 kJ/mole for B, preform and
210 kJ/mole for (0+B)_preform which are
close to that for self-diffusion in f titanium
(153 kJ/mole) (20).

The combined temperature and strain
rate effects in hot deformation are
generally expressed in terms of a single
parameter, Z (Zener-Hollomon) given by:

Z =¢exp(Q/RT) 2

Variations of Z with ¢ on a log-log
scale are shown in Figure 4 for the two

preforms and the linear relation confirms
the validity of the kinetic rate equation
within the narrow strain rate range of
3 x 10*-10? s. The lines are nearly
parallel since the stress exponents
representing their slopes are about the
same. In kinetic analysis, Z parameter is
of significance since the microstructural
variations like grain size may be correlated
with this parameter and on the basis of
these variations, the mechanisms may be
inferred and compared. The microstructures
of specimens deformed under conditions
covered by the kinetic rate equation have
been examined in detail with a view to
identify the changes that have occurred
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Figure 4: Variation of Zener-Hollomon (Z) parameter with flow stress (o) in the a-B

range of Ti-6Al-4V.

during hot deformation. Typical
microstructures are shown in Figure S5a
and b which correspond to B, and (a+),
preforms respectively. These show that
the lamellar structure of B, preform is
converted into globular structure (Figure 5a)
while the general features of (a+B),
structure remained unchanged even though
o grain growth has occurred (Figure 5b).
The mechanisms involved in the hot
deformation of these two preforms have
- been discussed in detail elsewhere (8, 17)
and these result in the globularization
process in the B, preform and superplastic
deformation in the (a+B)_preform. From
the microstructural study, the size of the

a globules in the B, preform as well as the
o grain size in the (o+f)_ preform have
been measured as a function of
temperature and strain rate and are plotted
against the Z parameter on a log-log scale
in Figure 6. A linear relation is found in
both the preforms and may be expressed

“in the following equations,

g= 1396.4 Z*\* for B,

preform,and - ()
d =92.26Z°°" for (a+p),
preform (3b)

where g is the average o globule size and
d_ is the average a grain size, both in
microns. These equations would be useful
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IV

Figure5:  Microstructures of Ti-6Al-4V specimens deformed in the a-f range:
(a) B, preform (950°C/0.0003 s™), and (b) (o:+p), preform (850°C/0.0003 s™).
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Figure 6:  Variation of globule size (B, preform) and o grain size ((a+B), preform) with .

Zener-Hollomon (Z) parameter in the a-f range of Ti-6Al-4V.

to predict the grain size distribution in a
component where the local values of
temperature and strain rate vary within
the ranges in which the above equations
apply. From Figure 6, it may be noted that
the globule size is more sensitive to variations
in Z than the o grain size and so a closer
microstructural control in the component
requires a more stringent process control.
In the B range, the variations of Z with
¢ are shown in Figure 7, which confirms
that the kinetic rate equation (eq.1) is
obeyed in both the preforms. The
correlation of prior B grain size (dpﬂ) with
Z is shown in Figure 8, which exhibits a

non-linear relation common to both the

preforms given by,

dz=19543Z '™ 4)

It is interesting to note that the initial
B grain size did not have much influence
on eq.(4) since the data for the coarser
grained B, preform as well as coarse
grained (o+B), preform fall on the same
line. This suggests that processing steps
specially designed to refine the prior p grain.
size may not have significant effect on the
hot working characteristics of the material,
as was found in a low oxygen (ELI) grade
Ti-6A1-4V (21).

The above discussion shows that the
kinetic analysis is valid only over limited
ranges of strain rate and temperature and
within these ranges, a good correlation
exists between the microstructural
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parameters and the process variables.
However, the analysis does not lead to
either optimization of process variables or
establishment of processing limits for
effective microstructural control.

3.4 Processing Maps

In recent years, processing maps
have been used for analyzing the
temperature, strain rate and strain
dependence of flow stress and for
establishing microstructurally “safe”
processing windows. The principles and
basis of this approach have been reviewed
recently (22) and their application to the
hot working of a wide variety of materials
also has been compiled (23). In brief, the
processing map consists of two parts - a
power dissipation map which depicts the
manner in which the workpiece dissipates
power through microstructural changes
and an instability map which delineates
regimes of flow instabilities like localized
microstructural change. The rate at which
energy is dissipated through a change in
the microstructure is expressed relative
to a linear dissipator in terms of a
dimensionless parameter called efficiency
of power dissipation given by:

_ 2m
n m+1

&)

where m is the strain rate sensitivity of
flow stress. The three-dimensional plot
showing the variation of 7m with
temperature and strain rate at a given
strain comprises of the power dissipation
map which is generally depicted as an
isoefficiency contour map. An instability
map is developed on the basis of a
continuum instability criterion using the

extremum principles of irreversible
thermodynamics of large plastic flow (24),
which is given by

E(E) = aln[m/(n.t +1)] m
dlneg

where E(£) is a dimensionless instability
parameter. Flow instabilities are predicted
to occur when §(&) is negative. The power
dissipation map exhibits domains with local
efficiency maxima representing certain
specific microstructural mechanisms while
the instability map reveals regimes of flow
instabilities. The instability map may be .
superimposed on the power dissipation

<0 (6)

" map to obtain a processing map. Details

of the steps involved in developing
processing maps on the basis of the
experimental flow stress data are
described elsewhere (23), and these
consist of evaluating the strain rate
sensitivity from the log(c) vs. log(g)
variations at different temperatures,
calculation of 1 and §(€) parameters and
plotting them as contour maps in the
temperature-strain rate plane at different
strains.

The power dissipation maps obtained
on the B, and (a+f), preforms are shown
in Figures 9a and b, respectively. These:
correspond to a strain of 0.5 and the maps
at lower strains are not significantly
different. Referring to Figure 9a, the map
exhibits two domains - one at lower strain
rates with a peak efficiency of 58% at
960°C and 0.0003 s and the other at
higher strain rates with a peak efficiency
of about 50% at 750°C and 10 s'. Based on
extensive microstructural observations,
these are interpreted (8) to represent
globularization of the lamellar structure,

63

593



Prasad et al.

10
b
10°
o
s 107
©
o
£
g
» 10?
10°
3x10* 1 1
750 800 850 900 950 1000 1050 1100
C)E Temperature °C
T / 3
1 /
1o'r 14
1
0
< 10 '/
("]
G 2
§ 3
c 10°F 33
g
e 3
10?2 42
/'_—42 \
e w
3x{10 L 4 ™ ] L]
750 800 850 900 950 1000 1050 1100
(b) Temperature °C
Figure9:  Power dissipation efficiency maps obtained for Ti-6Al-4V at a strain of 0.5:
(a) B, preform and (b) (cx+), preform. Contour numbers represent percent
efficiency of power dissipation.
594




Microstructural Modeling and Process Control

Figure 10:

Microstructure obtained ina Ti-6Al-4V B, preform specimen deformed at 750°C

and 0.001 s*'. The compression axis is vertical.

and cracking along adiabatic shear bands,
respectively. It is interesting to note that
the globularization domain has not changed
significantly with strain in spite of the flow
softening behavior. This indicates that the
rate-controlling step for globularization is
independent of strain, but the extent to
which globularization is occurring is strain
dependent. Since the colonies in the
transformed P microstructure have
different orientations, only those that are
favorably oriented for shear (~45° with
respect to the stress axis) will participate
in globularization while the
neighboring ones will reorient
themselves. At large strains, all the
colonies would have undergone
globularization to complete the conversion
process. Typical microstructure

representing globularization has already
been shown in Figure 5a which is recorded
on a specimen deformed at 950°C/
0.0003 s™.

At temperatures lower than about
850°C, the map indicates a change in the
curvature of power dissipation efficiency
contours. Microstructures of specimens
deformed at temperatures less than 850°C
and at lower strain rates have revealed
that wedge cracking occurs at the prior B
boundaries, a typical microstructure of
which is shown in Figure 10. The
mechanism of the formation of this type
of wedge cracking has been discussed
earlier (8) and it is caused due to the sliding
of the prior B boundaries at the thin [} layer
between the grain boundary o layer and
the Widmanstitten colony. The wedge
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Figure 11:  Instability maps obtained for Ti-6Al-4V at a strain of 0.5: (a) B, preform and

(b) (a+P), preform. Contour numbers represent the value of instability
parameter E(€). [Please see (b) in next page].

cracking is mitigated when the stress
concentration at the triple junctions is
relaxed by the thermally activated DRX
of the grain boundary o phase.

The high strain rate domain occurring
in the map for the B, preform (Figure 9a)
represents a steep increase in the
efficiency of power dissipation. Such
steep hills in the power dissipation map
are suggestive of a cracking process. To
understand the origin of this type of
cracking, the instability behavior of the
material has been analyzed with the help
of the continuum criterion given by eq.6.
The corresponding instability map is shown
in Figure 11a. As per eq.6, the material is

expected to exhibit flow instabilities when
E(€) is negative. In Figure 11a, such a
condition is satisfied within the area bounded
by the contours ‘E’. Microstructures of the
specimens deformed at conditions within
this regime have exhibited flow localization
due to adiabatic shearing (8). At higher
strain rates, the adiabatic shear is so
intense that the specimens have fractured
along the shear plane. Along the adiabatic
shear band, cracking has occurred and
under these conditions the continuum
criterion breaks down. A typical
microstructure of a specimen deformed
in such a cracking domain (800°C/10 s™!)
is shown in Figure 12a. The regimes of
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Figure 11: Continued.

(a) Microstructure obtained in Ti-6Al-4V B, preform specimen deformed at
800°C and 10 s, and (b) macrostructure of (a+B), preform specimen deformed
at 750°C and 10 s™. The compression axis is vertical. [Please see (b) in next

page].
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Figure 12:

instability and adiabatic shear cracking are
undesirable and have to be avoided during
processing of this material.

On the basis of the processing map, the
optimum conditions for processing the B,
preform are 960°C and 0.0003 s'. The
lowest allowable temperature is ~850°C and
highest permissible strain rate is ~0.01 s™ to
avoid microstructural defects.

The power dissipation map for the
(o+P), preform is shown in Figure 9b. The
map exhibits two domains - one in the -
range and the other in the B range. On the
basis of ductility measurements, the lower
temperature-lower strain rate domain has
been interpreted to represent
superplasticity which occurs by the sliding
of a/a boundaries with a concurrent
accommodation of stress concentration by
the dynamic recovery of B phase at triple
Jjunctions (17). The kinetic rate equation

is obeyed in this domain and the variations

in the a grain size with temperature and
strain rate correlate with the Z parameter,

Continued.

as discussed before. The map suggests
that the optimum conditions for
superplasticity are 825°C and 0.0003 s
and the processing window is 750 - 950°C .
and 0.0003 - 0.002 s™. Similar to the lower
temperature limit set by wedge cracking
at the prior B boundary triple junctions in
the B preform, the superplasticity process
has a lower temperature restriction due
to the formation of cavities particularly at
_very large strains (14-16). This limit is
dependent on the extent of strain, the state
of stress, and the applied strain rate which
are determined by the geometry of the
workpiece and the process stress state.
The second domain occurs in the B

range and at 1100°C/0.01 s'. As
discussed before, this domain represents
DRX of the B phase. Comparing this
region with the corresponding one for the
B, preform, it may be noted that a clear
domain has not formed in the map for the
B, preform and may develop at higher
temperatures. According to these two
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maps, the  deformation behavior is not
significantly different and the optimum
processing conditions are about 1100°C
and 0.01 s"'. The kinetic considerations
discussed earlier are further supported by
this conclusion.

The instability map for the (o+P),
preform is shown in Figure 11b. Flow
instability is predicted to occur within the
contour represented by ‘H’. Typical
macrostructure of the flow localization that
occurs in this material is shown in Figure
12b which corresponds to a specimen
deformed at 750°C/10 s. In comparison

-with the instability behavior of B, preform

(Figure 11a), it may be seen that the strain
rate limit for the onset of instability is much
higher and the intensity of adiabatic shear
is considerably less in the (o+B), preform.
However, this higher strain rate limit
cannot be taken advantage of for
processing the (a+B)_ preform since the
superplasticity domain ends at a strain rate
of 0.002 s*'. High strain rate deformation
in the [3 range also causes flow instability
which is difficult to record microstructurally
since the phase transformation occurs during
cooling. However, the stress-strain curves
(Figure 2b and 2¢) show oscillations under
these conditions.

It is interesting to compare the
variation of tensile ductilities of the two
preforms with temperature which are shown
in Figure 13. In the , preform, the ductility
increases with temperature right up to the
transus and then decreases in the P range.
On the other hand, the (o+P), preform
exhibits two peaks in the duct11|ty one in
the o-B range corresponding to
superplasticity and the other close to the
B transus. The plot suggests that the

optimum temperature for superplasticity
is 825°C agreeing with the results obtained
from the processing map. The variation
of B volume fraction with temperature (12)
is also plotted in Figure 13 which rapidly
increases beyond 850°C. The ductility
peak observed at ~25 vol.% P is in good
agreement with the results reported in the
literature (25, 26) and the near equal
volume fraction rule (27) commonly cited
for achieving highest ductility due to
superplasticity does not seem to be valid.
The dip in ductility occurring at 950°C may
be attributed to the increase in the B
volume fraction to about 50%. This
increases the population of o/ boundaries
which are undesirable for superplastic
deformation. The second peak represents
transient deformation of the B phase at
the transus and is associated with
somewhat abnormal elongation (~120%).
The grain size of B at the transus is
considerably smaller (~50 pm) than that
at higher temperatures well in the B phase
field (~1-2 mm) and hence can exhibit
transient superplasticity. It may be noted
that the strain rate for obtaining this
superplasticity is critical since the B grain
size is strain rate dependent as shown in
Figure 14. At strain rates lower than about
0.01 s, rapid grain growth occurs while at
strain rates higher than 0.1 s grain boundary
sliding is restricted due to insufficient time.
Such a transient superplasticity is absent in
the [3, preform obviously because of the very
large prior 3 grain size.

A summary of the microstructural
mechanisms as revealed by the processing
maps for the two preforms of Ti-6-4 is
given in Figure 15. The safe processing
windows of globularization of B, preform
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Figure 13:  Variation of tensile elongation at a nominal strain rate of 0.01 s and p volume

fraction with temperature for Ti-6Al-4V (12).

and superplasticity of (a+B)_ preform
occur at slow strain rates (hydraulic press)
and would require isothermal processes
with close temperature control in order to
avoid microstructural defect formation. For
microstructural control during globularization,
the temperature and strain rate relationships
given by eq.3a can be used while eq.3b can
be used for arriving at the process controls
to maintain a stable fine grained a structure
during superplastic deformation. The grain
size control during B deformation can be
achieved through a very similar
temperature and strain rate control in both
preforms although considerable B grain

refinement can be obtained in the (a+),
preform by deforming at temperatures
around the transus.

4.0 Summary and Conclusions

The microstructural models for the 3,
and (0:+f)_ preforms of Ti-6-4 alloy during
hot working have been developed for
process optimization and microstructural
control. With the help of hot compression
data in the temperature range 750-1100°C
and strain rate range 0.0003-10 s, the
stress-strain behavior, kinetic parameters
and processing maps have been compared
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Figure 14:  Variation of prior [ grain size with strain rate of Ti-6A1-4V (o+f), preform

specimens deformed at 1000°C.

for the two preforms and processing
windows for cogging and component
forging of Ti-6-4 have been identified such
that microstructural defects are avoided
and grain size control is achieved. The
following conclusions have been drawn
from this investigation.

1.

The B, preform exhibits continuous
flow softening behavior below the
transus and is harder than the (a+),
preform. Above the transus, the
stress-strain curves of both the
preforms were of steady-state type
except at the highest strain rate where
oscillations have been observed.

2. The apparent activation energies for

hot deformation are 455 and 330 kJ/
mole for the B, and (a+p), preforms
respectively and the stress exponents
are similar. In the P range, the behavior
of the two preforms is similar and the
apparentactivation energy is in the range
172-210kJ/mole which is very near that
for self diffusion in P titanium (153 kJ/
mole). The grain size variation with
temperature and strain rate could be
correlated with the Z parameter.

The B, preform undergoes globulaﬁzat!on
of lamellar structure during deformation
at slow strain rates in the two phase
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microstructures.

range and the optimum parameters for
globularization are 960°C and
0.0003 s!. The globule size is not
dependent on strain but on
temperature and strain rate of
deformation and hence could be
correlated with the Z parameter. The
(o+B), preform, on the other hand,
deforms superplastically and the
optimum processing parameters are
825°C/0.0003 s™. In this domain also,
a good correlation exists between
grain size and Z parameter.

4. The processing windows in the o-p

range are similar in both the preforms
except the lower temperature limit
which is higher for the B, preform by
about 100°C.

The B phase undergoes dynamic
recrystallization irrespective of the
preform structure and the resulting
grain size is dependent on the Z
parameter.

Both the preforms exhibit flow
instabilities when deformed in the two
phase range at higher strain rates and
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these are manifested as adiabatic
shear bands causing flow localization.
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Hot deformation mechanisms in Ti-6Al -4V
with transformed g starting microstructure:
commercial v. extra low interstitial grade

Y. V. R. K. Prasad, T. Seshacharyulu, S. C. Medeiros, W. G. Frazier, and
J. C. Malas Il

The hot deformation behaviour of commercial and extra low interstitial (ELI) grades of Ti—-6A1-4V (Ti-6-4) alloy
with a transformed f starting microstructure has been studied in the temperature range 750 —1100°C and strain rate
range 0-001 —10 s™'. On the basis of the flow stress data as a function of temperature and strain rate, processing
maps have been developed for these two grades and compared in order to bring out the differences, if any. While the
stress—strain behaviour has not varied appreciably with the grade of Ti-6-4, significant differences have been
observed in the processing maps as well as the tensile ductility variation with temperature. At lower strain rates in
the o~ range (<001 s™"), both the grades exhibit globularisation of the lamellar structure, the optimum
temperature being higher for the commercial grade than the ELI grade. The apparent activation energy for
globularisation is higher in the commercial grade (455 k.J mol ') than that of the ELI grade (370 kJ mol ™). At
temperatures lower than about 900°C and strain rates less than about 0-1 s™', a regime of strain induced porosity
(SIP) at the prior # grain boundaries has been ohserved and the SIP regime is narrower in the ELI grade than the
commercial grade. Strain induced porosity cracks are nucleated as a result of the stress concentrations produced by
the sliding of prior f grain boundaries which is promated by the lower strain rates. The mechanism of hot
deformation in the f range is sensitive to the grade of Ti-6-4. Tn the ELI grade, the # phase deforms by large grained
superplasticity, but deformation close to the transus nucleates voids within the prior # grains resulting in a drop in
the tensile ductility. On the other hand, the commercial grade exhibits dynamic recrystallisation of # phase. The
apparent activation energy for f deformation is lower in the commercial grade (173 kJ mol ') than the ELI grade
(287 kJ mol™"), although both the values are comparable to that for self-diffusion in 8. The flow instability regime,
as predicted by the continuum instability criterion, is not significantly different in the two grades of Ti-6-4 even
though the domain of cracking along the adiabatic shear hands is wider in the commercial grade than the ELI
grade. MSTI4390
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microstructure is ‘converted’ into an equiaxed (x4 f)

Introduction

The most widely used titanium alloy for aerospace
applications, Ti-6A1-4V (Ti-6-4), is commercially pro-
duced in two grades which are primarily distinguished by
the interstitial impurity content. These are designated as
extra low interstitial (ELI) and commercial grades. One of
the most important interstitial impurities is the oxygen
content, which is about 0-10-0-13 wt-% in the ELI grade
and 0:16-0-20% in the commercial grade. The effccts of
oxygen on the room temperature tensile properties and
plane strain fracture toughness have been established.'?
While the tensile strength increases with the oxygen content,
the fracture toughness decreases by about 30 - 50%.2 In view
of this, the ELI grade is preferred for applications where
defect tolerance is of primary concern. It is well known that
oxygen is an « stabiliser and increases the # transus in Ti-6-4
from about 965-975°C in the ELI grade to about
995 - 1020°C in the commercial grade.’

The alloy Ti-6-4 can be thermomechanically processed to
obtain a variety of microstructures depending on the
temperature, amount of deformation, and rate of cooling.
The two most common microstructures relevant to
industrial processing practice are the transformed f
(Widmanstitten) and the equiaxed (a+f). In the bulk
metalworking of cast ingots, the transformed f type

structure by mechanical working in the «—f§ temperature
range using processes like cogging, forging, or extrusion. An
o~ fi annealing step after the conversion process ensures
homogeneous microstructure. While the mechanism of
microstructural conversion involves globularisation of the
lamellar structure, the occurrence of strain induced porosity
(SIP) is often reported during the ¢~ f8 deformation.*® To
scal SIP, expensive and time consuming batch type
processes like hot isostatic pressing are required. A better
approach would be to control the a—f processing condi-
tions such that SIP is avoided, and this may be achieved by
understanding the deformation mechanisms over a wide
range of processing parameters. Recent investigations have
revealed that the hot deformation behaviour of Ti-6-4 is
sensitive to the alloy grade and the starting microstruc-
ture.®” The aim of the present investigation is to examine
the effect of grade of Ti-6-4 on the mechanisms of hot
deformation including those that generate microstructural
defects. [n view of its industrial importance, a transformed
B starting microstructure is chosen for the comparison.

In the present study, the approach of processing maps has
been adopted to represent and analyse the constitutive
behaviour of Ti-6-4 during hot deformation. The basis and
principles of this approach have been described earlier,®®
and its application to the hot working of a wide range of
materials has been compiled recently.'® In brief, depicted
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in a frame of temperature T and strain rate & power
dissipation maps represent the pattern in which power is
dissipated by the material through microstructural changes.
The rate of this change is given by the dimensionless
parameter called the efficiency of power dissipation

2m [
m+1 M

where m is strain rate sensitivity of flow stress. Over this
frame is superimposed a continuum instability criterion for
identifying regimes of flow instabilities, developed on the
basis of extremum principles of irreversible thermody-
namics as applied to large plastic flow!! and given by

. I}
H)= aln(lgl/ r.t+l)
né

where &(¢) is a dimensionless instability parameter. The
variation of &(¢) with T"and & constitutes an instability map.
These two maps together constitute a processing map which
exhibits domains with local efficiency maxima representing
certain specific microstructural mechanisms and regimes of
flow instabilities.

)1:

+m<0 .. . . 00 L 0 (2

Experimental

Specimens of Ti-6-4 having the following compositions (wt-
%) were used in this study. Coimnmercial grade: Ti-- 6-28A1—
3-97V-0-052Fe - 0-180~0-0062N —0-008C - 0-0049H; ELI
grade: Ti-6-02A1-3-91V-0-08Fe-0-130-0-008N. The
chemical analyses as supplied by the manufacturer were
confirmed by analysis of the specimens. The commercial
grade material in the form of hot rolled and annealed bars
was beta solution treated at 1050°C for 1 h followed by air
cooling to obtain a transformed f starting microstructure.
The ELI grade material was taken from a billet that was
subjected to a few steps of # cogging followed by water
quenching. The initial microstructures of these two grades
are shown in Fig. la and b respectively. These are typical
Widmanstitten structures consisting of lamellar a (trans-
formed f) colonies in large prior f§ grains, a grain boundary
a layer of 5 pm thick at the prior f§ grain boundaries, and a
thin 8 layer in between the colony boundaries and grain
boundary a. In the commercial grade, the prior f# grain size
was about 200 pm while in the ELI grade it was about
1000 pm. The commercial grade microstructure contains a
small volume fraction of primary a particles although the
other features of transformed f microstructure are similar
to those in ELI grade.

Isothermal, constant true strain rate compression tests
were conducted using a servohydraulic testing machine over
the temperature range 750 - 1100°C in 50°C intervals and at
constant true strain rates 0-001, 0-01, 0-1, 1, and 10s™".
Additional tests were conducted at 0-0003 s~' on the
commercial grade and at 100s™' on the ELI grade.
Specimens of 15 mm height and 10 mm dia. were machined
with the compression axis parallel rolling/forging direction
for testing in the o~ f§ range. Larger specimens of 22:5 mm
height and 15 mm dia. were used for accurate flow stress
measurements in the f range. All specimens were coated
with a borosilicate glass paste for lubrication and environ-
mental protection. They were held for 10 min at the test
temperatures before testing and deformed to half the height
in each case to impose a true strain of about 0-6 followed by
air cooling to room temperature. The resulting load - stroke
data were evaluated to obtain true stress - true plastic strain
curves using the standard method. The flow stress data at
different temperatures, strain rates and strains were used to
compute the power dissipation efficiency paraneter 4, given
by equation (1). Power dissipation maps were developed by
plotting the variation of efficiency with temperature and
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a commercial grade; b ELI grade
1 Starting microstructures of Ti-6-4

strain rate. Regimes of flow instability were delineated using
the continuum criterion given by equation (2).

Hot tensile tests were conducted in the temperature range
800 1100°C at a nominal strain rate of 0-01 s~' (constant
actuator speed of 0-25 mm s~ ). Cylindrical specimens of
25 mm gauge length and 4 mm gauge dia. were used for this
purpose. All specimens were coated with a glass lubricant
for environmental protection. Specimens were pulled to
fracture and total elongation as a function of temperature
was recorded.

Results and discussion

STRESS -STRAIN BEHAVIOUR

At temperatures in the a— f§ range, both the grades exhibited
continuous flow softening behaviour which is typical of
transformed f starting microstructure. In the f range, the
stress —strain curves are of steady state type at lower strain
rates but broad oscillations were observed at a strain rate of
10 s}, For the purpose of comparison, the variation of flow
stress with true plastic strain is shown in Fig. 2 in the «—§
range and the ff range. Fig. 2 shows that the flow behaviour
of the two grades is essentially the same from the viewpoint
of the shapes of flow curves. The lower flow stress values in
the a-- ff range of the commercial grade may be attributed to
the diffcrences in the initial prior § grain size and other
microstructural features like lamellae width and colony size.
In Fig. 3, the variation of flow stress with temperature at
strain rates of 0-001 and 0-1 s™! for both the grades are
shown and these again indicate no significant differences.
Thus, a study of the stress —strain behaviour does not reveal
any major differences between the two grades.
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POWER DISSIPATION MAPS

Power dissipation maps exhibiting contours of efficiency of
power dissipation through microstructural changes in the
temperature range 750-1100°C and strain rate range
0-0003-10 s for the commercial grade, and 0-001-
100 s~! for the ELI grade, are shown in Figs. 4 and
5 respectively. These maps correspond to a true plastic
strain of 0-5. Maps at lower strains are not significantly
different from these suggesting that the transients are fast
and the fundamental mechanisms responsible for the
occurrence of the domains (basins of attraction) are not
dependent on the strain in the range of study. A comparison
of Figs. 4 and 5 reveals the following differences between
the two grades.

Beta transus

The § transus is about 1010°C for the commercial grade and
is about 975°C for the ELI grade used in this study. The
volume fraction of § increases with temperature in the a—f3
range according to the f§ approach curve shown in Fig. 6
and reaches full § at the f§ transus. The § approach curves
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3 Variation of flow stress with temperature at different

strain rates in commercial and EL! grades of Ti-6-4
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for the commercial grade and the ELT grade Ti-6-4 as
reported by Sastry ef al.'? and Cope et al.'* are shown in
Fig. 6. Since the efficiency of power dissipation represents
the relative rate of entropy production,®® the phase
transformation is expected to manifest itself in the form
of inflexions in the efficiency contours. The map for the
commercial grade Ti-6-4 (Fig. 4) indicates that this is indeed
the case. At strain rates lower than about 0-01 s™' the
inflexions result in closing of the domain with increasing
temperature, while at higher strain rates the contours
exhibit an opposite curvature. However, in the map for the
ELI grade (Fig. 5), this is not clearly exhibited at the transus
which may be interpreted to be a result of merging of
domains representing microstructural processes with similar
power dissipation characteristics across the transus. This
difference is of great importance as discussed further in the
following sections.

-3
750 800 900 1000 1100

TEMPERATURE, °C

—_

LOG (STRAIN RATE, s™)

5 Power dissipation map obtained on ELI grade Ti-6-4 at
a strain of 0-5: contour numbers represent percentage
efficiency of power dissipation
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of Ti-6-4

Globularisation domain

The power dissipation maps of both the grades (Figs. 4 and
-5) exhibit two domains with local maxima of efficiency of
power dissipation. A domain occurs at higher strain rates
(> 1 571y and lower temperatures ( < 800°C) while the other
domain occurs at lower strain rates (<0-01 s™') and over a
wider temperature range. These are individually charac-
terised in detail and validated with microstructural
observations.%” The higher strain rate domain represents
cracking along the maximum shear stress planes which are
oriented at ~45° with respect to the compression axis. As
this cracking is related to the occurrence of adiabatic shear
bands, its interpretation is discussed later along with the
instability interpretation.

The lower strain rate domain represents the process of
globularisation of the lamellar microstructure involving the
sequence of shearing of lamellae, simultaneous recovery by
cross-slip to nucleate interfaces, and formation of globules
by migration of boundaries involving diffusional processes
to lower the interfacial energy. The rate controlling step
during the microstructural conversion has been found to be
the cross-slip of screw dislocations.'* The temperature for
the local efficiency maximum in this domain is about 960°C
for the commercial grade (Fig. 4), which corresponds to
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8 Arrhenius plots showing the variation of flow stress
with inverse temperature in globularisation domain for
commercial and ELI grade Ti-6-4

about 65 vol.-% f3 according to the f approach curve
(Fig. 6). However in the case of ELI grade (Fig. 5), this
temperature is not so clearly revealed because of the
merging of domains across the transus. From the f8
approach curve for the ELI grade (Fig. 6), a similar
volume fraction occurs at about 925°C where the efficiency
has the highest value of about 51% (Fig. 5). At a strain rate
of 0-001 s~ !, the efficiency values at the above characteristic
temperatures for globularisation are similar (~51%) in both
grades. The variation of tensile ductility with temperature
for the two grades of Ti-6-4 is shown in Fig. 7. It may be
noted here that the ductility values reported are not likely to
be influenced by the prior f# grain size since the hot
deformation mechanisms in the transformed f starting
microstructure occur within the interiors of the f§ grains.
Hence the number of § grains in the cross-section of the
tensile specimen may not be a critical factor in deciding the
hot ductility. Figure 7 exhibits peaks at about ~960°C for
the commercial grade and at ~920°C for the ELI grade.
Thus, the occurrence of globularisation at these character-
istic temperatures gives optimum hot workability.

The above discussion indicates that while the general
characteristics of the globularisation domain are not
significantly affected by the Ti-6-4 grade, the optimum
temperature is higher in the commercial grade than the ELI
grade. This can be rationalised in terms of the rate
controlling step of the mechanism, namely cross-slip.'*
Arrhenius plots showing the variation of flow stress with
inverse of temperature at a true strain of 0-5 are given in
Fig. 8, which shows that the kinetic rate equation relating
the flow stress o to strain rate & and absolute temperature T
given by

t=Ao" exp(—-Q/RT) . . . . . . . . . .3

is obeyed in the globularisation domain. In the above
equation Q is the activation energy for hot deformation, n
the stress exponent and R the gas constant. An apparent
activation energy of 455 kJ mol ™! for the commercial grade
and 370 kJ mol™! for the ELI grade are estimated. Since
oxygen strengthens the « phase, higher activation energy is
required for the globularisation process. It may be
concluded that the strengthening of « phase by oxygen in
the commercial grade is responsible for increasing the
optimum globularisation temperature. However, the glo-
bularisation microstructures as given in Fig. 9¢ and b for
the two grades of Ti-6-4 at the optimum temperature and
strain rate conditions are similar,
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a commercial grade (950°C/0-0003s™"); b EL! grade (900"C/
00015 ")

9 Microstructures obtained in Ti-6-4 specimens deformed
in globularisation domain

Prior beta boundary cracking

At lower temperatures (<900°C) and lower strain rates
(<01 s71), microstructural observations (Fig. 10) showed
that cracks occur at the prior f boundaries during
deformation and this type of damage is referred to as
strain induced porosity (SIP),** the mechanism of which is
discussed in earlier publications.®” Under a resolved shear
stress, the prior # boundaries at about 45° orientation with
respect to the compression axis slide along the thin soft
layer in between the Widmanstitten colonies and grain
boundary a ltayer and produce stress concentrations at the
boundaries and triple junctions. As a result of specific
crystallographic orientation relationships the colonies are
harder than the grain boundary « layer, and hence the stress
concentrations can be relieved only by the softening of grain
boundary « at rates at least as fast as the build up of
boundary stress. Otherwise shear cracks at the boundaries
and/or wedge cracks at the triple junctions are expected. One
such softening mechanism is the dynamic recrystallisation
(DRX) of grain boundary «. It has been noticed that the
limiting conditions for the cracking process depend upon the
alloy grade, although in general the temperature for their
mitigation is lower at lower strain rates. For avoiding SIP,
forging of the commercial grade Ti-6-4 will have to be
stopped for resoaking when the temperature of the forging
stock is at least 70°C higher than that of the ELI grade. This
difference becomes increasingly small at lower strain rates
since the DRX of the grain boundary a is more pronounced.
The DRX characteristics of the a phase are influenced by the
oxygen content since it is an « stabiliser and partitions
preferentially to a sites. Another significant difference in the
microstructures in this regime (Fig. 10z and b) is in the
morphology of SIP cracks. In case of the commercial grade
with fine prior f grains, the cracks are of ‘wedge’ type and

Prasad et al. Hot deformation‘hanisms in Ti-6Al-4V 1033

a commercial grade; b ELI grade
10 Microstructures of Ti-6-4 specimens deformed at

800°C/0-01 ™' exhibiting cracking at the prior f
boundaries: compression axis is vertical

occur mostly at the prior 8 boundary triple junctions, while
they are of ‘shear’ type in the coarser ELI grade material.
However, it may be noted that the morphology of SIP
depends not only on the prior 8 grain size but also on the
state of stress existing during deformation. While lower
temperatures are known to induce SIP, lower strain rates are
normally thought to be beneficial during «—f processing.
The present study reveals that SIP occurs even at low strain
rates which actually promote sliding of the prior g
boundaries initiating the damage.
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11 Arrhenius plots showing the variation of flow stress
with inverse temperature in the beta region of com-
mercial and ELI grade Ti-6-4
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a commercial grade {1100°C/0-01s~"); b ELI grade {1050°C/
000157

12 Microstructures of specimens deformed in the g
region )

Beta deformation mechanisms

Since the maps do not exhibit clear cut domains in the f
region of deformation, the microstructural observations
and the tensile ductility measurements (Fig. 7) help in
revealing the differences in the behaviours of the comnier-
cial grade and ELI grade Ti-6-4. While the ductility
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~-35 L | | 1 | 1
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—— commercial; —— ELI

13 Instability regime and cracking domain boundaries in
commercial and ELI grade Ti-6-4

R0

a commercial grade (800°C/10 s"); b ELI grade {750°C/100 s~

14 WMicrostructures of Ti-6-4 deformed specimens exhibit-
ing cracking along the adiabatic shear bands: com-
pression axis is vertical

continuously drops beyond the transus in the commercial
grade, the ELI grade exhibited high ductility with a peak
value of about 100% at 1050°C (Fig. 7). At the transus
(~975°C), however, the ELI grade showed a minimum in
ductility unlike the smooth variation at the transus
(~1010°C) in the commercial grade. Since f deformation
dominates at the transus, the above rcsults suggest that the
mechanisms are different in the two grades and that the
mechanism operating in the ELI grade may nucleate defects
at lower temperatures towards transus.

Kinetic analysis of the limited flow stress data available in
the f# range is conducted and the Arrhenius plots relating
the flow stress with the inverse of temperature are shown
in Fig. 11, The apparent activation energy is estimated to
be about 172 kJ mol™' for the commercial grade and
287 kJ mol ! for the ELI grade. These are comparable with
the activation energy reported'® for self-diffusion in f-
Ti (153 kJ mol™!) although an abnormal diffusion beha-
viour has been reported.!® Studies on the effect of oxygen
on self-diffusion in $-Ti are not available in the literature,
but theoretical considerations indicate that interstitial
elements like oxygen cause an anomalous increase in the
diffusion coefficient due to the formation of vacancy-
interstitial pairs.'” Thus, the anomalous behaviour is
dependent on the concentration of oxygen, most likely in
an exponential fashion.

In view of the high elongations ( ~100%) and moderate
strain rate sensitivity (~0-33) in the ff range of the ELI
grade, the mechanism of deformation is interpreted® as large
grained superplasticity (LGSP) which is generally referred
10 s ‘class | superplasticity in coarse graincd materials’.'® A
number of matcrials likc f§ brasses, 8 titanium alloys and
aluminides are found to cxhibit LGSP. In transformed f
microstructures, as the volume fraction of f§ increases with
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adiabatic shear bands which are very intense at tempera-
tures less than 800°C and strain rates higher than 1 s™'
leading to cracking along the bands (Fig. 14a and b). The
cracking regime is wider in the commercial grade than in the
ELI grade as a result of the hardening of the o phase by
oxygen. In the rest of the instability regime, localised flow
has been observed (Fig. 15¢ and b) and the limiting
conditions are not sensitive to the alloy grade. This is as
expected since the flow behaviour and physical properties
(c.g. density, specific heat, and thermal conductivity) are not
significantly dependcnt on the alloy grade.

Conclusions

a commercial grade (900°C/10 s™'); b ELI Qrade {850°C/100 s ")

15 Microstructures of Ti-6-4 deformed specimens exhibit-
ing flow localisation: compression axis is vertical

temperature the Widmanstitten colony structure dissolves
leaving behind the colony boundaries. These colony
boundaries within large B grains are stable during
deformation and slide under shear stress when their
orientation is near 45° with respect to the compression
axis. This sliding process contributes significantly to the
total strain if the stress at their triple junctions is
accommodated by diffusional flow which is possible at
higher temperatures (e.g. 1050°C). Conversely, at lower
temperatures (e.g. near the transus at ~975°C) the
diffusional flow is too slow to relax the stress concentration
at triple junctions, and therefore voids can be nucleated
within the prior f§ grains. Under favourable conditions like
high temperatures and tensile residual stresses, for example
as in cogging and resoaking cycles, the nuclei may grow into
voids and cause porosity. In the commercial Ti-6-4,
however, such void nucleation will not occur since the
transus is higher, the diffusion rates are enhanced by
oxygen-vacancy pairing, and the prior colony boundary
structure itself may become unstable which is essential for
LGSP. The microstructure of a commercial Ti-6-4 specimen
deformed at 1100°C/0-01 s™' is shown in Fig. 12a¢ which
reveals refinement of the prior f grain size and curved
boundaries unlike in the ELI grade (Fig. 12b), suggesting
DRX of fi phase.

FLOW INSTABILITIES

The regimes of flow instabilities as predicted by the
continuum criterion given by equation (2) and boundaries
of the cracking domain are shown in Fig. 13 for the two
grades of Ti-6-4. These results are validated in detail using
microstructural observations on specimens deformed under
several combinations of temperature and strain rate in these
regimes.%” The instabilities in the «—f# range manifest as

The hot deformation characteristics of commercial and ELI
grades of Ti-6-4 with a transformed f starting microstruc-
ture were studied using processing maps developed in the
temperature range 750-1100°C and strain rate range
0-001-10s7'. The following conclusions have been
drawn from this investigation on the differences in the
hot working behaviour of the two grades of Ti-6-4.

. The stress—strain behaviour is not significantly
affected by the grade of the alloy: flow softening occurs
in the a - f§ range and the f§ phase exhibits steady state flow.

2. Globularisation of the lamellar structure occurs at
lower strain rates in the a—f range, the optimum
temperature and apparent activation energy being higher
for the commercial grade than the ELI grade.

3. At low temperatures and slower strain rates, a regime
of strain induced porosity at the prior f boundaries occurs
in both the grades and the regime is wider for the
commercial grade than the ELI grade. The limiting
temperature for the mitigation of this damage process is
lower for slower strain rates in both grades.

4. The mechanism of hot deformation in the B range is
sensitive to the Ti-6-4 grade. In the ELI grade, the f
deforms by large grained superplasticity at higher tempera-
tures with a possible void nucleation when deformed close
to the transus. Conversely, commercial Ti-6-4 exhibits
dynamic recrystallisation of the f§ phase.

5. The fow instability regime is not significantly
influenced by the grade of the alloy, even though the
domain of cracking within the adiabatic shear bands is
wider in the commercial grade than the ELI grade.
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Mechanisms of Hot Working in Extra-Low
Interstitial Grade Ti-6A1-4V with Equiaxed

(@.+ B) Microstructure

W
The hot deformation mechanisms in an extra-low interstitial
(BLI) grade Ti-6Al-4V with equiaxed (o + P) statting zi-
crostructure are evaluated in the temperature range 750 to

1100°C and strain rate range 0.001 to 100 s~!. Several -

available materials modeling techniques, viz. stress-stiain
behavior, kinetic analysis, processing maps are considered
for this purpose. The stress-strain curves exhibited thiee
different generic shapes and no conclusions on mechan-
isms could be drawn on the basis of these shapes. The ki-
netic rate equation is found to be obeyed in the limited tem-
perature and strain rate ranges. The processing map exk ib-
ited two domains - one in the temperature range 75C to
975°C (a + B region) representing the process of fine-
grained superplasticity and the other in the B phase field
(> 975 °C) representing its dynamic rectystallization. The
appatent activation energy in the o—p range (~ 295 kI/
mol) is much higher than that for self-diffusion in a-tta-
nium (150 kI/mol) and is indicative of dynamic recovary
of B phase at the triple junctions as the rate-controllng
step during superplasticity. In the B range, the apparent ac-
tivation energy (151 k/mol) is very close to that for sclf-
diffusion in B-titanium (153 kJ/mol). The material exhib-
ited flow instabilities at higher strain rates (>1s~1) znd
the manifestation of these instabilitjes in the a—B rarge
is in the form of adiabatic shear bands.

BB e e o

1 Introduction

Ti-6Al-4V (Ti-6-4) is a most widely used titanium alloy ‘or
structural applications in view of its high specific strength.
The mechanical properties of this alloy are very sensitive to
oxygen content [1] and it is available in two grades. While
commercial grade Ti-6-4 contains 0.16 to 0.18 wt.% oxy-
gen, extra-low interstitial (ELI) grade contains 0.1 to
0.13 wt.% oxygen. The ELI grade possesses 30 % mcre
fracture toughness than the commercial grade and is pre-
ferred in aerospace components where fracture toughness
is a ctitical requirement (2]. Bulk metalworking of this al-
loy involves a few initial hot working steps in the P tange
followed by air-cooling which tesults in a lamellar (3 trar -
formed) microstructure. The lamellar structure is broken
down by extensive mechanical working in the o~ ran;e
to obtain fine a + P equiaxed (referred to hereafter ag

Z. Metallkd. 97 (2000) 9 © Carl Hanser Verlag, Minchen

(o 4+ B)s) suncture. The mill-annealed products are in
this microstructural condition and are further worked in
the a—P range to manufacture components of desired-
shapes, An understanding of the response of this (& + B)e
microstructure during fotging will te beneficial for optimiz-
ing process design during component manufacture. In this
paper, the hot deformation mechanisms in ELI grade Ti-6-4
with (o + B). starting microstructure are evaluated with a
view to optimize the hot workability and control the micro-
structure during processing in both o~ and B phase fields.
A wide strain rate range that encornpasses the speeds of
most commonly used machines is considercd in this inves-
tigation. Also, several available materials modeling techni-
ques like the flow curves, kinetic analysis, and processing
maps are utilized for this purpose.

Studies on the hot deformation mechanisms in ELI grade
Ti-6-4 are scanty in the literature. Eatly creep studies by
Grant et al. [3] on the ELI grade with (o + B ), structure
identified that grain size is an important variable in deter-
mining its hot ductlity. It is established that the material
exhibits fine-grained superplasticity in the o~ range [4
to 8]. Wu and Lowrie [4] established the constitutive equa-
tions between temperature, strain rate and stress in the
superplastic forming range. Arieli and Rosen [5], and Paton
and Hamilton [6] have studied several aspects of supetplas-
tic deformation at very low strain rates and correlated the
behavior with several microstructural parameters ke grain
size and o/p volume ratio, Cope and coworkers [7, 8] have
identified optimum temperature and strain rate for obtaining
highest superplastic elongation and observed that this pro-
cess is associated with cavitation at large strains,

2 Experimental

ELI grade Ti-6-4 having the following composition (in
wt.%) was used in this study: 6.02Al, 3.78V, 0.100,
0.08Fe, 0.0074N, 0.007C, 0.0082H, and balagce Ti. The
P transus for this material is about 975°C. As received
bar stock of 20 mm diameter in the mill-annealed (hot
rolled and annesled) condition was used for testing.
Compression specimens of 15 mm height and 10 mm
diameter were machined keeping the compression axis pat-
allel to the rolling direction, Larger specimens of 22.5 mm
height and 15 mm diameter were used in the B range to
obtain an accurats measurement of flow stress. Concentric

-y
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grooves of 0.3 mm depth were made on the top and bottom
faces of the specimens to ttap lubricant and assist in radu-
cing the friction. A 1 mum 43° chamfer was provided on the
specimen edges to avoid fold-over of the material during the
initial stages of compression. A small hole of 0.8 mm
diameter and § min depth was drilled at mid height of
the specimen for inserting a thermocouple which is used
to monitor the actual temperature of the specimen as
well as to measure any adiabatic temperature rise during
testing. Isothermal hot compression tests were condusted
using a computer-controlled servohydraulic testing ma-
chine. A resistance heating split furnace with silicon car
bide heating elements was used to surround the platens
and specimen. A borosilicate glass paste was coated on spe-
cimens for lubrication and environmental protection.

The test matrix consisted of temperature range 750 to
1100°C at an interval of S0°C and strain rate rznge
0.001 to 100 5~ at an order magnitude interval. The speci-
rmens were deformed to half the height in each case o im.
pose a trne strain of about 0.7 and were air-cooled from the
test temperature. The deformed specimens were sectioned

parallel to the compression axis and cut surfaces were "yre-

pared for microstructural examination using standard tech-
niques, The load-stroke data obtained were processed to
obtain true stress-true plastic strain using the standard math-
od, True plastic strain was obtained by subtracting the elas-
tic strain components of material as well as test machine
from the total true strain. The flow stress data obtained
at different temperatures, strain rates and strains were cor-
rected for adiabatic temperature rise (significant at higher
strain rates) by linear interpolation between log o and 1/
T where ¢ is the flow stress and 7' {s the absolute tempara-
ture. This data were used for further analysis using the ap-
proaches of kdinetic analysis and processing maps.

3 Results and Discussion
3.1 Starting Microstructure

The stanting microstructure of the ELI Ti-6-4 used in :his
study is shown in Fig. 1, which is typical of mill-annesled
condition. It consisted of slightly elongated primary u
grains in the rolling direction with an avetage grain dia-
meter of approximately 7 wm and a small amount of in‘er-
granufar B, :

3.2 Stress-Strain Behavior

The shapes of stress-strain curves indicate some features
that tnay help in identifying the hot deformation mechin-
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Flg. 1. Starting microstructure of Ti-6A1-4V uscd in this study.
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Figs 2aand b, True stress-true Elastic sttnin curves obtained on Ti-6Al-
4V at (2) 800°C and (b) 1100°C ang at differant strain rates,

ism, although not in a conclusive fashion. Flow cutves ex-
hibited by ELI grade Ti-6-4 with (& + P )e perform micro-
structure at 800 °C and 1100 °C and different strain rates are
shown in Figs 2a and b which are representative of the be-
havior in the a—p and P ranges respectively. These curves
exhibited three generic shapes.

(i) Atswain rates slower than 0,1 s™! and all temperatures,
the curves were of steady-state type. Such curves indi-
cate that the mechanisms of softening are occurring at
sufficiently fast rates to balance the rate of work hard-
ening and are suggestive of mechanisms like dynamic
recovery, dynamic recrystallizadon (DRX) in high
stacking fanlt energy (SFE) materials like aluminum,
or supetplasticity. In view of the possibility of several
mechanisms leading to the same shape of stress-strain
curves, further analysis of flow stress data in terms of its
variation with temperature and strain rate is required to
determine the exact mechanism.

(i) At higher strain rates (>0.1s7Y) in the u—p range
(Fig, 2a), the curves exhibited continnous flow soften-
ing behavior. This type of flow behavior is commonly
observed duting globularization of lamellar structures
or flow localization during defotmation. Since the start-
ing structure in the present case s an equiaxed one, the
possibility of globularization can be ruled out. How-
ever, detailed microstructural examination is required
to confirm the type of flow instability.

(ili) At higher strain rates (> 1 s™') in the P range, oscilla-
tory flow curves were observed (Fig. 2b). Oscillations
in the stress-strain eurves are indications of either DRX
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Table 1. Flow stress values {cotrected for adiabatic temperiture
rise) of ELI Ti-6Al-4YV at different temperatures, gtain rates and
strains.
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in low SFE materials like copper, or unstable deforma-~
tion (for example flow localization), or ¢racking.
Again, further analysis is required to decide as to
which one of these mechanisms has resulted in these
stress-strain features.

"

3.3 Kinetic Analysis

The flow stress data (corrected for adiabatic temperatire
rise) as a function of temperature, strain rate and strain
are given in Table 1. Conventionally, hot deformation is
modeled by relating the steady-state flow stress (o) to
the applied strain rate (&) and temperature (7' in Kelvin)
using an Arrhenius type rate equation given by [9]

¢ = Ad"exp(~0Q/RT) . (1)

where n is the stress exponent, @ is the activation energy, R
is the gas constant, and A is proportionality constant. In
arder to identify the hot deformation mechanism(s), the ‘¢
netic parametsss # and O are to be evaluated. The variation
of flow stress with strain rate at different temperatures is
shown in Fig. 3 on a log-log scale. From Fig, 3, it is evident
that logo-log & variations are non-linear when considersd
over the entire range of strain rate employed in this
study, and therefore, the kinetic rate equation is not va-
lid, However, in a limited strain rate range of 0.001 to
0.1 571, a linear fit with good correlation factor could e
obtajned at all temperatures. It may be noted that the §
transus in this material is about 975 °C and the kinetic para-
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meters are evaluated separately in the o[ region (750 to
073°C) and in the ( region (975 to 1100°C), )

In the a—[3 range,  stress exponent (n) of 3.2 is estimated
in the strain rate range 0.001 to 0.1 s~!, This value is higher
compared to the reported z value-(~2) in the literature at
lower strain rates.[4, 51. The Amrhenius plot showing the
variation of flow stress with the inverse of temperature is
shown in Fig.4 from which an apparent activation en-
ergy, Qapp, of 295 kl/mol has been estimated in the two-
phase fegion. This value is in agreement with the values
teported in the literature [4, 5] and is higher than that for
self-diffusion in a-titanium (150 k3/mol) [10] which rules
out the possibility of diffusion being the rate controlling
step. Tt should be noted, however, that the p volume frac-
tion and ¢ grain size are not constant over the experimental
range and Eq. (1) does not include the influence of these
factors on the deformation kinetics,

Continuing the kinetic analysis furthex, the temperature
colmpensated strain rate parameter (Zener-Hollomon) Z gi-
ven by

Z = & exp(Q/RT) @

is evaluated on the basis-of the above apparent activation
energy and its vamation with flow stress is plotted in
Fig. 5. The plot exhibits a good linear fit and confirms
that the kinetic rate equation is obeyed in the limited strain
rate range,

The microstructures of the specimens defotmed in the
above temperature-strain rate combinations are examined
and typical microstructures at a strain rate of 0,001 s~!
and different temperatures’ are shown in Fig, 6. These mi-
crostructures reveal that the a grain size as well as B vo-
lume fraction increases with increase in temperature. The
vartation of o grain size with temperaturce at two strain rates
is shown in Fig. 7 along with the variation of B volume
fraction (so-called P approach curve) reported by Cope
and Ridley [8]. From this plot, it may be noted that above
900°C the P volume fraction increases rapidly from about
45 % to 100 % at the transus {~ 975 °C) and this causes a
steep increase in the & grain size. Further, tensile elonga-
tion as high as 1000 % was reported by Cope and Ridley
{8] in this range which supports the occwrrence of superplas-
tic deformation in this range.

In the B range, the value of # is about 3.8 and the Arrhe-
nius plet in this range is also shown in Fig, 4. The apparent
activation energy estimated from this piot is about 151 kJ/
mol which is very close to that for self-diffusion in Petita-
nium (153 kl/mol) [11].

o

3.4 Processing Maps

In recent years, the approach of processing maps has been
found to be a valuable guide in modeling the hot deforma-
tion and understanding the microstructural evolution. The
principles and basis of this approach have been discussed
in a recent review [12] and its application to a wide range
of matetials has been compiled [13). In brief, the processing
map consists of & superposition of a power dissipation ef-
ficiency map and an instability map developed in a frame of
temperature and strain rate. The power dissipation map re-
presents the manner in which the input power is dissipated
by the material in the form of microstructural changes. The
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rate of this change is given by a dimensionless parameter,
called the efficiency of power dissipation:

2m
=oFT ®)

where m is the strain rate sensitivity of flow stress, Over this
frame is superimposed a continuum instability criterion de-
veloped on the basis of extremum principles of irreversible
thermodynamics as applied to large plastic flow [14], and
given by

.. Sla(m/m+1)
&) ==t @)
where &£(¢) is another dimensionless parameter. Flow in-
stabilities are predicted to cccur when &(2 becomes nega-
tive. The processing maps exhibit domains in which speci-
fic microstructural mechanisms operate as well as regimes
where flow instabilities like adiabatic shear bands or flow
localizatlon occur.

Processing map obtained on ELI Ti-6-4 with (o + B)¢
perform structure at a strain of 0.4 is shown in Fig. 8.
Maps obtained at other strains also exhibited similar fea-
tures, The contour numbers in Fig, 8 represent percent ef-
ficiency of power dissipation and the shaded region corte-
sponds to flow instability with negative £(&) values, The
map exhibits two domains ~ one in the a—B temperatute
range and the other in the f range, both occwrring at slower
strain rates; and a large regime of flow instability at strain
rates higher than about 1s~!, The efficiency contours at -
higher strain rates exhibit a distinct change in their curva-
ture at about the transus (~ 975 °C) and this feature is com-
monly observed in several materials which exhibit phase
transformation including precipitate dissolution [13].

+m=<0

A. Domain in the a-f Range

The domain in the a—f phase field occurs in the tempera-
tare range 750 to 975°C and at strain rates below about
0.01 s~! with a peak power dissipation efficiency of 61 %
at 800°C/0.001 s~. Efficiency values as high as 60 % in-
dicate the process of superplastic deformation since the as-
sociated strain rate sensitivities (m) are more than 0.4, Large
tensile elongations (~1000%) reported by several re-
searchers [3 to 8] in this range and the strain independent
stress-strain behavior (Fig. 2a) further corroborate this in-
terpretation.

Superplasticity mechanism generally involves sliding of
grain boundaries with simultaneous relaxation of the stres-
ses generated at the grain boundary triple junctions by pro-
cesses involving either diffusion flow or plastic defarma-
tion. At the temperature of peak efficiency (800 °C), the
B volume fraction is about 30 % which permits many o/a
interfaces to-slide during hot deformation. Whether such
sliding leads to superplasticity or wedge cracking is
decided by the relaxation processes occurring at the triple
junctions. It may be noted that the B phase Is essentially
present at the triple junctions and is in fact responsible
for atresting the o grain growth in this material, which is
another important requirement for superplasticity. Thus
the deformation behavior of § phase at the triple junctions
controls the superplastic deformation process. At elevated
temperatures, f phase may exhibit diffusional creep, or dy-
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namic recovery involving thermally activated cross-slip.
The apparent activation energy estimated in this region
(295 ki/mol) is much higher than that for self-diffustion
in B (153 kJ/mol) which rules out the possibility of oczur-
rence of diffusional ¢reep. Hence it may be deduced that
dynamic recovery of b phase by cross-slip is the rate-con-
trolling step for the superplasticity in this material,

The higher temperature limit for optimum superplastic
properties in this material may be determined as 800 °C
beyond which the B volume fraction increases rap.dly
with temperature creating large number of o/f interfuces
which do not slide easily in view of the mismatch in their
individual deformation characteristics. From microstructur.
al defect view point, the lowar tamperature limit is set by the
occurrence of cavitation at large strains [8] and the higher
strain rate limit (~ 0.1 s7%) is set by the onset of flow in-
stabilities which is discussed in the later section. Furtier,
in view of slower strain rates involved in the superplastic
forming, the process needs to be carried out isathermally.

B. Domain in the 8 Rdﬁge

The domain in the B phase ficld has a peak efficiency of
43 % at 1100 °C/0,001 s~! and appears to be not fully devel-
oped in the testing temperature range considered in this
study. The stress-strain curves (Fig. 2b) exhibited steady-
state behavior at slower strain rates in the p range und
the tensile ductility recorded at 1100°C and a nominal
strain rate of 0.001 s™! is about 60 %. Based on the domain
characteristics, stress-strain behavior and ductility, this Jo-
main is interpreted to represent the process of DRX of B
phase. The kinetlc analysis conducted in this range (cis-
cussed in the previous section) suggests that this proczss
is controlled by diffusion in B phase, The microstructural
featuses exhibited by the specimens deformed in this range
could not be captured due to the phase transformation oc-
curting while ¢ooling to room temperature. During ind:s-
trial B processing of this material, lower temperatures and
faster strain rates (< 15™!) may be adopted for avoiding B
grain growth.

C. Flow Instabilities

The continuum instability criterion given by Eq. (4) pre-
dicts a large regime of flow instability when this mater;al
is deformed at strain rates higher than about 15~ and is
shown as shaded region in Fig. 8. The flow softening axd
oscillating stress-strain curves in this regime (Fig. 2) sup-
port this prediction. The macrographs recorded on speci-
mens deformed under different conditions of this regime

Z. Metallkd. 91 (2000) 9

Figs 6a and b, Microstructures obtajned on
Ti-6Al-4V  specimens  deformed  af
0.001 5™ and (2) 730°C and () §50°C,
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Fig, 7. Variation of ¢ grain size with temperature for Ti-6A1-4V speci-
mens deformed at 0,001 and 0,01 8=1, Also plotted is the variation of B
volume fraction with temperature (P approach cucrve).
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Fig. 8, Processing map obtained on Ti-6A1-4V at a strain of 0.4, Con-
tour numbers represent percent efficiancy of power dissipation, Shaded
region corresponds to flow instability predicted by the continuum cxi-
terfon given in Eq. (4). .

in the o—p range are shown in Fig. 9. These exhibit flow

.localization bands formed at an angle of about 45° to the

compression axis. The bands become diffused with increas-
ing temperature and decreasing strain rate. The formation of
these bands may be atibuted to the adiabatic conditions
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created during deformation and the low thermal conductiv-
ity of Ti-6-4.

The instability manifestations in the P regime could not
be captured in the microstructures of deformed specimens
as cooling across the transus destroys the features, Howaver,
the stress-strain curves in this regime (Fig. 2b) exhibited
oscillations which are also signatures of unstable flos.

4 Conclusions

Hot deformation behavior of an ELI grade Ti-6Al-4V with
equiaxed o+ f starting microstructure is characteiized
with the help of isotherinal hot compression tests in the
ranges 750 to 1100°C and 0,001 to 100 s~L. On the basis
of the analysis of the flow stress using available materials
models, the following conclusions are drawn.

(i) The material exhibits fine-grained superplasticity in the
temperature range 750 to 950 °C and strain rates slower
than 0.01 =1, The apparent activation energy estimated
for this process is about 295 kI/tnol which suggests that
dynamic recovery of B phase at the triple junctions by
cross-slip is the rate-controlling step.

(il) The B phase undergoes DRX st higher temperatares
(> 1050°C) and the apparent activation engegy for f-
DRX is vety close to that for self-diffusion in B.

(iif) The material exhibits a wide regime of flow instabil.ties
at strain rates faster than 1 s~! and these are manifested
as adiabatic shear bands ia the a—p range.
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Figs 9a and b, Macrostructures obtained on
Ti-6AJ-4V specimens deformed in the flow
Instability resime; (3) 750°C/100s"! and
(b) 800°C/100s~!. The comptession axiy
is vertical,
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Influence of oxygen content on the forging response of equiaxed
(o + B) preform of Ti—-6Al-4V: commercial vs. ELI grade

. ‘ .k
Y.VR.K. Prasad, T. Seshacharyulu, S.C. Medeiros, W.G. Frazier
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Abstract

The hot deformation characteristics of equiaxed (o + B) preform of Ti-6Al1-4V have been evaluated in two oxygen grades viz.,
commercial grade and extra-low interstitial (EL1) grade. Constant strain rate hot compression tests were conducted on cylindrical specimens
in the temperature range 750~1100°C and strain rate range 107~100 s~ up to a true strain of about 0.5. The shapes of stress—strain curves
in the o—~f region and B-region, the kinetic parameters, and the processing maps obtained on the two grades have been compared with a
view to evaluate the effect of oxygen on the processing of Ti-6A1-4V with equiaxed (o + P) preform. The shapes of the stress-strain curves
are similar in the two oxygen grades although the flow stress of the commercial grade is slightly higher than that of the ELI grade. While the
values of the stress exponent are similar in both grades, the apparent activation energy for hot deformation of commercial grade is higher
than that of the ELT grade in both a—B and B ranges. The processing maps revealed that superplasticity occurs in the a—[ range while
dynamic recrystallization (DRX) occurs in the P range. In the commercial grade, the superplasticity domain is spread over a wider
temperature range and occurs at lower strain rates than that in the ELI grade. On the other hand, the ductility peak in the ELI grade is
narrow and may require closer temperature control during processing. The DRX of B occurs at 1100°C in both grades but at a higher strain
rate in the commercial grade than in the ELI grade. Unlike the commercial grade, deformation of the ELI grade close to the P transus has to
be avoided since a possibility of void nucleation or wedge crack formation exists at slow strain rates. Both grades exhibit flow instabilities
manifested as adiabatic shear bands and flow localization when deformed at strain rates higher than about 1s~". © 2000 Elsevier Science
B.V. All rights reserved.**
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1. Introduction while the equiaxed (o + B) microstructure has superior low
cycle fatigue properties. The commercially available semi-

Ti-6A1-4V (Ti-6—4) is one of the important titanium products have a fine grained equiaxed (o + B) microstruc-
alloys used for aerospace, power generation, chemical, ture and components like compressor disks and gas bottles
and biomedical applications. The mechanical properties for aerospace applications are forged in the two phase region
of this alloy are very sensitive to the oxygen content and with this preform (or starting) microstructure {2]. For this
the microstructure [1]. For industrial applications, Ti-6-4 is purpose, superplastic forming is commonly used and the
available in two different grades: commercial (or regular) processing parameters for superplasticity are sensitive to the
grade with 0.16~0.20 wt.% oxygen and extra-low interstitial grain size and volume fractions of the phases in the two-
(ELI) grade with 0.10-0.13 wt.% oxygen. Oxygen is an o phase structure [3]. Since the transus and the volume frac-
stabilizer and shifts the (o -+ B) ~ B transformation tem- tions of the phases at a given temperature are dependent on
perature (B transus) to higher temperatures. Ti~6—4 may be the oxygen grade, it is important to know the influence of
heat treated to obtain different microstructures ranging from oxygen content on the hot deformation characteristics of the
transformed P (acicular or Widmanstitten) to equiaxed material. The aim of the present investigation is to evaluate
(2 + B) structures. The transformed B microstructure pro- the influence of oxygen on the forging response of the Ti-6—
vides better fracture toughness and creep rupture properties 4 with equiaxed (« + B) preform in terms of its effect on the

microstructural mechanisms including damage processes.
Such a study would help in achieving workability optimiza-

* Corresponding author. Tel.: +1-937.904-4325; fax: +1-937-656-7995. tion and process control during forging of Ti-6-4 compo-
E-mail address: william.frazier @afrl.af.mil (W.G. Frazier). nents.
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2. Approach

In comparing the microstructural responses of commer-
cial and ELI grades of Ti—6—4, the results on the stress—strain
behavior, kinetic analysis, and processing maps have been
considered along with their impact on industrial processing.
Details of analyzing hot deformation mechanisms using
these approaches have been discussed in a recent review
[4]. In particular, the approach of processing maps has been
found [5] to be beneficial in arriving at optimum processing
parameters and in avoiding microstructural defects includ-
ing flow instabilities.

The conventional approach [6] of analyzing the hot
deformation behavior has been the kinetic analysis. It is
shown that the steady state flow stress (o) is related to the
strain rate (&) and temperature (7) through a Arrhenius type
rate equation given by the following:

&= Ad" exp[;—g] (1

where A is a constant, n the stress exponent, Q the activation
energy and R the gas constant. On the basis of the stress
exponent and activation energy values, the rate-controlling
atomistic mechanisms are identified. In recent years, the
approach of processing maps has been applied for charac-
terizing and optimizing the hot deformation behavior of
materials. The principles and basis for this approach have
been discussed elsewhere [4] and its application to a wide
range of materials has been described in a recent compila-
tion {5]. Briefly, this approach considers the workpiece as a
dissipator of power which is converted into thermal (tem-
perature rise) and microstructural forms. The factor that
partitions the input power (¢¢) into these two forms is the
strain rate sensitivity (m) of flow stress. By comparing the
dissipation characteristics of the workpiece, which is a non-
linear dissipator, with that of an ideal linear dissipator, a
dimensionless parameter called efficiency of power dissipa-
tion has been defined as [4]:

2m

€3

The variation of n with temperature and strain rate at a
constant strain constitutes a power dissipation map. This
map depicts the manner in which power is dissipated
through microstructural changes that occur dynamically
during deformaltion and hence reveals domains in which a
specific mechanism may become an attractor for minimizing
the energy of the dissipated state. By utilizing the principle
of maximum rate of entropy production [7], a continuum
criterion for the occurrence of flow instabilities is derived as
the following:

_9infm/(m+1)]

Ho) =g+ m < 0 ®
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where £(¢) is a dimensionless instability parameter. The
variation of £(¢)with temperature and strain rate constitutes
an instability map in which the negative £(&) regimes
represent flow instabilities. A superposition of the
power dissipation map and the instability map constitutes
a processing map which may be used for characterizing
different domains where different microstructural mechan-
isms occur as well as regimes of flow instabilities, if
any.

3. Experimental

The chemical compositions (wt.%) of the commercial and
ELI grade Ti-6—4 used in this investigation are given in
Table 1. The initial microstructures of these two grades,
shown in Fig. 1(a) and (b), respectively, exhibited fine-
grained equiaxed o with a small amount of intergranular -
B. The average grain diameters were estimated to be about 8
and 10 um, respectively. The B transus is approximately
1010°C for the commercial grade and 975°C for the ELI
grade.

Cylindrical specimens of 10 mm diameter and |5 mm
height were machined from the as-received bar stocks
of 20 mm diameter by keeping the compression axis parallel
to the rolling direction. Constant true strain rate compression
tests were conducted in the temperature range 750~1100°C
at intervals of 50°C and at true strain rates of 1072, 1072,
107%, 1, 10, and 100s™". In the case of commercial
grade additional tests were!conducted at a slower strain rate
of 3 x 107*s™!. Details of the testing procedure are
described elsewhere {5]. All the specimens were deformed
to a true strain of about 0.5 and air-cooled to the room
temperature. The load-stroke data obtained from the
experiments were converted into true-stress-true-plastic
strain curves using the standard equations. For the analysis
of the hot deformation behavior, the input data consisted
of flow stress values (corrected for adiabatic temperature
rise, if any) as a function of temperature, strain rate and
strain.

The deformed specimens were sectioned parallel to the
compression axis and prepared for metallographic examina-
tion using standard polishing and etching techniques. Hot
tensile tests were also conducted on commercial grade at
950, 1000, 1050 and 1100°C and at a nominal strain rate of
1072 57! using cylindrical specimens of 4 mm gauge dia-
meter and 25 mm length.

Table 1

Chemical compositions of the two Ti-6Al-4V grades used in the study
Ti-6-4 grade Al v 0 Fe C N H
Commercial 628 397 0.18 0.052 0.008 0.0062 0.0049
ELI 602 391 0.3 008 001 003 0.012
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Fig. 1. Starting microstructures of equiaxed (x + B) preform Ti-6A1-4V
used in the study: (a) commercial grade; (b) ELI grade.

4. Results and discussion
4.1. Stress—strain behavior

It may be reiterated at the outset that below the transus, the
deformation of Ti-6—4 consists of that of a two phase
(o + B) microstructure while above the transus, the defor-
mation involves that of a single phase (B). Typical true-
stress—true-plastic strain curves obtained on the commercial
grade and ELI grade Ti-6—4 at 850°C (two phase region) and
at different strain rates are shown in Fig. 2(a). The curves
show that the commercial grade is harder than the ELI grade
and the difference is higher at higher (>1 s™') strain rates.
This behavior is as expe(;jtsd from the strengthening effect of
oxygen and the non-lineLstrain rate sensitivity. In both the
grades, the shapes of the stress—strain curves at strain rates
lower than 10~ s™! are flat indicating steady-state behavior
while flow softening is observed at higher strain rates.

The stress—strain curves obtained at 1100°C (p range) on
the two oxygen grades of Ti-6-4 are compared in Fig. 2(b).
The flow stress values of these two grades are nearly the
same indicating that the strengthening of B by oxygen is not
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Fig. 2. True-stress-true-plastic strain curves of commercial and ELI
grades of Ti-6Al-4V with equiaxed (x+ B) preform microstructure at
different strain rates: (a) 850°C (x—f range); (b) 1100°C (f range).

as significant as that of a—p. At strain rates lower than about
1571, the flow behavior is of steady state type while at
higher strain rates broad oscillations or flow softening have
occurred.

From the shapes of stress—strain curves, nothing conclu-
sive can be said regarding the mechanisms of deformation
since different mechanisms can exhibit similar features. For
example, steady state flow curves may indicate superplas-
ticity, wedge cracking, or dynamic recrystallization (in high
stacking fault energy metals). Likewise, flow softening may
indicate globularization of lamellar structure or unstable
flow. In view of this difficulty, further analysis of the flow
stress considering its variation with temperature, strain rate
and strain needs to be conducted to evaluate the mechanisms
of hot deformation.

4.2. Kinetic analysis

A plot of flow stress vs. strain rate over the entire testing
range at different temperatures is shown in Fig. 3(a). The
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Fig. 3. Plot of: (a) stress vs. strain rate; (b) stress vs. inverse of
temperature for two grades of Ti-6Al-4V.

variation indicates a non-linear behavior particularly in the
two phase region. However, over a limited temperature
range  (750-950°C) and  strain rate  range
(3 x 1074—10"1s7"), validity of the kinetic rate equation
(Eq. (1)) has been established and the values of the stress
exponent (n) are estimated. The Arrhenius plot showing the
variation of flow stress with inverse of temperature is shown

in Fig. 3(b) using which the values of apparent activation -

energy for hot deformation (Q,p,) are estimated. The values
of nand Q. are given in Table 2 for the two grades of Ti-6—
4. These values indicate that while n is not significantly
different in the two grades, Q,p,, is higher in the commercial
grade than that of the ELI grade. Although the higher Q,g,
value in commercial grade may be attributed to the strength-
ening effect caused by oxygen, neither of the values are
comparable to that for the self-diffusion in a-titanium
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Table 2
Kinetic parameters evaluated on the two Ti~-6Al-4V grades
Ti—6-4 grade :’l-BZ region B region
n Qupp (kJ/mol) n Qapp (KJ/mol)
Commercial 34 330 3.6 210
ELI1 3.2 240 38 151

(150 kJ/mol) [8] and hence does not convey any physical
meaning. In this region, large elongations (>200%) have
been reported in the literature [3,9,10], which are suggestive
of superplastic deformation.

A plot of the variation of flow stress with the temperature
compensated strain rate parameter (Zener—Hollomon), Z is
given by the following equation:

. 0

Z =¢exp [ﬁ]
This is shown in Fig. 4 which again confirms the validity of
the kinetic rate equation for both the grades of Ti~6~4 in the
limited temperature and strain rate ranges. It may be noted
that a small change in the slope of the fit reflects the
difference in the value of the stress exponent (Table 2).

The kinetic analysis was also done in the B range of
testing and the corresponding values of n and Q,,, are
included in Table 2 for both the grades. As is the case in
the «—P range, the value of » is similar in the P range for
both grades while Q,,, in commercial grade is higher than
that of the ELI grade. However, it may be noted that the Q.
in both grades is close to that of the self diffusion in B-
titanium (150 kJ/mol) [11], which indicates that the process
is controlled by dislocation climb. A plot of the variation of
flow stress with Z in the P range is also shown in Fig. 4 which
confirms the validity of kinetic rate equation over limited
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Fig. 4. Variation of flow stress with Zener-Hollomon parameter (Z) in the
a—P and P ranges of two grades of Ti-6Al-4V.



YV.R.K. Prasad et al./Journal of Materials Processing Technology 4779 (2000} [-8 5

ranges of temperature and strain rate. The Kinetic analysis in
the P range indicates that the influence of oxygen on the B
deformation characteristics is insignificant.

4.3. Processing maps

The processing maps obtained at a strain of 0.4 are shown
in Fig. 5(a) and (b) corresponding to the commercial grade
and the ELI grade Ti-6-4, respectively. The contour num-
bers represent efficiency of power dissipation expressed in
percent. The maps at other strains are not significantly
different from the maps shown in Fig. 5. It may be noted
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Fig. 5. Processing maps obtained on Ti-6Al-4V at a strain of 0.4; (a)
commercial grade; (b) ELI grade. Contour numbers represent the percent
efficiency of power dissipation. Shaded region represents flow instability.
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that the contours in both maps exhibit a change in the
curvature at the transus which is 1010°C for the commercial
grade (Fig. 5(a)) and 975°C for the ELI grade (Fig. 5(b)).
Such inflexions have been recorded in the maps for all
materials which exhibit phase transformations including
pure metals [5]. The maps exhibit two domains: one in
the a—P region and the other in the f region. All the contours
with efficiency values less than about 40% do not attract
toward any domain and may therefore be considered to
represent a transient behavior.

Referring to the map for the commercial grade (Fig. 5(a)),
the domain in the a—J range has a peak efficiency of about
55% occurring at about 825°C and 3 x 10~%s~!, This
domain is spread over a temperature range of 750~
1000°C and a strain rate range of 3 x 10™%—3 x 10~3s~},
Since the spread in the temperature scale at the observed
peak efficiency is wide, it is expected that the domain is
likely to extend to lower strain rates where the efficiency .
values may be higher. Ito and Hasegawa [9] measured the
tensile ductility in a similar temperature range at a strain rate
of 7 x 10~%s™! and showed that a peak ductility close to
400% occurs at about 875°C. Their data are reproduced in
Fig. 6 and a comparison of these measurements with that of
the efficiency variation in the domain clearly establishes that
the domain represents superplastic deformation.

The map for the ELI grade (Fig. 5(b)) also reveals a
similar domain in the «—f range but with a higher efficiency
(64%) occurring at slightly higher strain rate (10"3 s™H. The
optimum parameters for superplasticity in this grade are
about 800°C and 107 s™" and the spread of temperature at
the observed peak efficiency is small compared to commer-
cial grade. The ductility data for the ELI grade as reported by
Cope and Ridley [10] at a nominal strain rate of 10~ s~ are
reproduced in Fig. 6. A peak ductility of more than 1000%
has been recorded at optimum conditions in the domain
which confirms the occurrence of superplastic deformation.

A comparison of the two maps clearly shows that super-
plasticity occurs in the two phase range and that with
increasing oxygen content, the superplasticity domain
moves to lower strain rates. Also, the ductility peak as well
as the efficiency peak are broader in the commercial grade
than the ELI grade. This effect may be rationalized in terms
of the so-called B approach curves (also shown in Fig. 6) for
the two grades [10,12]. These curves show how the  volume
fraction increases with increasing temperature in the x—f
range up to the transus. It may be noted in Fig. 6 that beyond
50%, the B volume fraction increases more gradually in the
commercial grade than in the ELI grade, which may be
attributed to the stabilizing effect of oxygen on « phase.
Superplastic deformation relies on the sliding of a—a inter-
faces in the two phase structure and increase in the § volume
fraction generates more of a—p and a—p interfaces which
are undesirable. The rate of generation of these undesirable
interfaces decides the rate at which the ductility drops with
temperature. Such a result has an important implication in
the industrial processing of these two grades. Superplastic
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Fig. 6. Variation of tensile elongation and B volume fraction with temperature in the 2—p range of commercial and ELI grade Ti-6Al|4V.

forming of ELI grade requires much closer temperature
controls than the commercial grade, although it can be done
at faster speeds.

The domain that occurs in the {3 range of the processing
map for the commercial grade has a peak efficiency of 42%
which occurs at 1100°C and 1072 s™! and has been inter-
preted to represent dynamic recrystallization (DRX) process
[13]. Deformation in this domain has the following char-
acteristics: (i) steady-state stress—strain curves (Fig. 2(b)),
(ii) higher efficiency of power dissipation, (iii) grain refine-
ment at lower temperatures in the domain, (iv) apparent
activation energy is close to that for self-diffusion. These
features are similar to that occurring in a high stacking fault
energy material like aluminum {4] and hence DRX of j-
phase is controlled by rate of grain boundary migration.

In the processing map for the ELI grade (Fig. 5(b)), the B
DRX domain has occurred at a lower strain rate with a peak
efficiency of about 43% at 1100°C and 103 s™!. Thus, in
comparison, B-DRX domain occurs at higher strain rates in
commercial grade than the ELI grade. It has been shown that
the diffusion rate in $, which has a body centered cubic
structure, is enhanced by the presence of interstitials like
oxygen since they form pairs with vacancies and stabilize a
higher vacancy concentration [14]. The enhanced diffusion
rate increases the grain boundary migration rate which
controls the DRX process in B. Such an effect will enhance
the kinetics of the process and increases the strain rate at
which it can occur. The implication of this result on indus-
trial P processing is that the commercial grade may be
processed faster than the ELI grade.

The deformation of equiaxed (« + B) Ti-6-4 close to the
transus is sensitive to the oxygen content as revealed by the
hot ductility variations shown in Fig. 7. The data for the ELI
grade are taken from the work of Wu and Lowrie [15]. The
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data were obtained at a nominal strain rate of 10”2 s™" for
the commercial grade and at 2 x 1073 s~ for the ELI grade.
It may be noted that the commercial grade alloy exhibits
abnormal elongation of more than 130% at the transus
(1010°C) while the ELI grade shows a ductility dip
(~50%) at its transus (975°C). The implication of such a
result is that processing ELI grade close to the transus will
cause microstructural damage like void nucleation or wedge
crack formation while no such problem exists in the com-
mercial grade. In terms of the deformation mechanisms at
the transus, the B deformation occurs by sliding of B—P
boundaries and causes a stress concentration at their triple
junctions. Whether a void or wedge crack is produced at the
triple junction depends on the process of stress accommoda-

T T T T
Ti-6A1-4V
140t ]
120} Commercial " Transus: 1010°C ]
=
< | ]
s \
5 100[ \ ]
3 .
S \
& .
o 8} \ ]
Y
[ Eu K /
O wus Lowrie)\ ¢ ]
N X
wh Transus: 975°C 4
L . . L
900 950 1000 1050 1100

Temperature, °C

-Fig. 7. Variation of tensile elongation with temperature in the B range of
commercial and ELI grade Ti-6Al-4V.
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=y
Fig. 8. lMacrostruclures of Ti-6Al-4V specimens deformed at 750°C .per
100 s: (a) commercial grade; (b) ELI grade. The compression axis is
vertical.

tion which generally occurs by diffusional flow. Since the
interstitials (oxygen) enhance the rate of diffusion in 8 Ti—6-
4, the defect nucleation is mitigated in the commercial
grade. The higher transus in the commercial grade
also helps in enhancing the rate of diffusion in P at the
transus.

Results of the application of the instability criterion given
by Eq. (3) to delineate regimes of flow instability in the two
grades of Ti-6—4 are shown in the processing maps (Fig. 5(a)
and (b)) as shaded regions. Within these regimes, the &(&)
parameter is negative and flow instabilities are predicted to
occur. The microstructural manifestation of such instabil-
ities is the flow localization due to adiabatic shear band
formation. Typical macrostructures of specimens deformed
at 750°C and 100 s~! are shown in Fig. 8(a) and (b) for the
commercial and ELI grade respectively, which exhibit adia-
batic shear bands formed at an angle of approximately 45° to
the compression axis and confirm the predictions of the
instability criterion. As expected, the influence of oxygen on
the conditions for the occurrence of flow instabilities is not
significant. It may be noted that the lowest strain rate limit
for their occurrence is the highest processing limit for
forging these materials without producing microstructural
defects.

L
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5. Conclusions

On the basis of the characterization of deformation beha-
vior of commercial grade and ELI grade Ti~6Al-4V with
equiaxed (x+ B) preform in the temperature range 750-
1100°C and strain rate range 107°-100s™! using kinetic
analysis and processing maps, the following conclusions are
drawn on the influence of oxygen content:

1. The superplasticity domain in the commercial grade is
spread over a wider temperature range and occurs at a
lower strain rate than that of the ELI grade. On the other
hand, the ductility peak in the ELI grade is narrow and
may require closer temperature control during proces-
sing.

. The deformation mechanism in the B range is by
dynamic recrystallization which occurs at 1100°C and at
a higher strain rate (107257 ") in commercial grade than
in ELI grade (1072 s™").

. Unlike the commercial grade, deformation of the ELI
grade at its transus has to be avoided since void
nucleation or wedge crack formation may occur at
slower strain rates.

. Both grades exhibit flow instabilities manifested as
adiabatic shear bands when deformed at strain rates
higher than about 1 5™ in the a—p range.
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